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bstract: *°Ar/*’Ar stepwise degassing experiments are presented on 8 volcanics of the 
‘Quaternary East Eifel volcanic field. To avoid any age disturbing effects we investi- 

}sated two or more phases of the rocks from 6 localities. The mafic phenocrysts olivine 
| I. pyroxene of foiditic rocks and a crustal quartz xenolith proved to be carriers of 
‚txcess argon. Groundmass separates of the foiditic rocks and the phenocrystic leucites 
ind sanidines of the phonolitic rocks, on the other hand, did not show any distortion 
Pf their K-Ar systematics. Reliable age values fall in the range of 0.3 to 0.5 Ma. The 
jkroup of volcanoes under investigation belongs to the oldest (“selbergitic-foiditic”) 
Weroup of East Eifel volcanics. We therefore do not assume that there are any older 


Key words: Alkali rocks, K-Ar dating, *°Ar/?’Ar stepwise degassing, excess radio- 
\lzenic argon, Pleistocene, Rhenish massif, Eifel volcanic province, leucite, sanidine. 


usammenfassung: Es werden “*°Ar/*’Ar-Stufenentgasungs-Experimente an 8 


uartären Vulkaniten der westlichen Osteifel vorgestellt. Um altersverfalschende 
f ffekte ausschließen zu können, wurden von sechs Vorkommen zwei oder mehr 
Gesteinsphasen untersucht. Dabei erwiesen sich die mafischen Einsprenglinge Olivin 
IN nd Pyroxen der foiditischen Gesteine und ein Quarzeinschluß als Träger von 
| Jberschußargon. Die Grundmassepräparate der alkalibasaltischen Gesteine und die 
(HEinsprenglinge Sanidin und Leuzit aus den alkaliphonolithischen Gesteinen zeigten 
HHagegen eine ungestörte K-Ar-Systematik. Die sich ergebenden Alterswerte liegen 
I wischen 0,5 und 0,3 Ma. Die untersuchte Gruppe von Vulkaniten gehört zur ältesten 
f“selbergitisch-foiditischen”) Vulkangruppe der Osteifel. Es ist daher nicht zu vermuten, 
Haß ältere quartäre vulkanische Festgesteine in der Osteifel existieren. Höhere Alters- 


erte, die bislang an Gesamtgesteinspräparaten gewonnen wurden, können als 
erfälscht betrachtet werden. 
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2. Introduction 


The northwestern border of the East Eifel volcanic field is made up of a 
number of highly differentiated volcanics. They are strongly enriched in 
alkalines and instead of plagioclase contain at least one of the foids. Alkali 
phonolites, regionally called “selbergites”, together with the darker foiditic 
rocks (leucitites and nephelinites) constitute the “older selbergitic-foiditic 
group” (FRECHEN 1976). They are thought to belong to the oldest Quaternary 
Eifel volcanism. Some of them are overlain by phonolitic or basaltic tuffs, 
others seem to be older than the formation of the Nette and Brohl river 
valleys (GeBHARDT 1963, FRECHEN 1963). The volcanoes of this group 
concentrate around the northwest-southeast tending depression, called 
Rieden basin and thought to be of volcanic origin. Most of the selbergitic 
hardrocks form volcanic domes, which have intruded older tuffs or 
Devonian wall rocks, whereas the foiditic rocks build up scoria cones and 
lava streams. 


The age of this group of volcanoes given by FRECHEN & LippoLt 1965 is 
based on K-Ar age determinations on whole rock samples and sanidines. The } 
authors derive an age array of 0.58 to 0.26 Ma, with the “Schellkopf” 
selbergite being the oldest occurrence and the “Hochstein” nephelinite the 
youngest one. Most of the dated volcanoes and pyroclastics plot between 0.4 
and 0.3 Ma. From these age determinations the beginning of volcanism was _ 
dated younger than 0.6 Ma. The formation of the Rhine terraces, which 
show the first appearance of volcanites, therefore can also be taken as 
younger than 0.6 Ma. 


The meanwhile it was suggested that the formation of these Rhine 
terraces (“Hauptterrassenfolge”) is much older than this value, probably 1.0 
to 0.7 Ma (BRUNNACKER & BoENIGK 1976). This estimate is based mainly on 
paleomagnetic observations of paleosoils. K-Ar data for a suite of East Eifel 
volcanics seemed to support this point of view (SCHMINCKE & Mertes 1979). 
Four occurrences out of 18 showed dates between 0.7 and 0.5 Ma. BOHNEL et 
al. (1982) cited these age determinations together with a further date of 0.7 
Ma (Meirother Kopf). WINDHEUSER et al. (1982) concluded therefore that the 
Quaternary volcanism in the Eifel area started with a first strong phase of 
phonolitic and basaltic extrusions 0.7 Ma ago. There is no evidence, 
however, for the existence of an older volcanism because all occurrences in 


the Eifel volcanic hardrocks seem to have positive magnetization (BOHNEL et 
al. 1982). 


The two different concepts for the beginning of Quaternary volcanism 
necessitate further investigations. From the studies of FRECHEN & LippoLT 
(1965) and FUHRMANN & Lippott (1985) we know that Eifel volcanics 
sometimes contain excess argon, which increases the K-Ar dates. This argon 
component is inherited from the prehistory of the rocks and minerals and 
results in a K-Ar age that predates the time of extrusion and cooling. These 
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creased K-Ar ages can be recognized by independent evidence, i. e. by 


fee 


jiomparison of the obtained K-Ar data with age estimates obtained by other 
h ethods. Systematic studies enable us to reveal excess argon effects in the 
Maples, One approach is to date several separates of different physical 
roperties from one occurrence, assuming that age disturbing effects will 
ow different degrees of influence. Another tool to get trustworthy ages is 
e "Ar/®”Ar technique. Distortions of the K-Ar system can be detected by a 
| Hegassing experiment, resulting in different dates for phases of differing 
Argon retentivity. We decided to combine the two possibilities and 
erformed *°Ar/?’Ar studies on two or more separates of most of the samples 
nder investigation. 


3. Sampling and sample preparation 


|| Table 1 and Fig. 1 give sample localities of the eight volcanic occurrences 
‘Iinder investigation as well as the rock types. From each volcanic site a 
lyample macroscopically free of inclusions, alterations and weathered surfaces 
vas chosen. In the laboratory it was crushed and sieved, cleaned by an ultra- 


procedures followed to obtain either pure mineral separates or enrichments 
If mineral phases. From the phonolitic alkali rocks “Hardt”, “Schorenberg” 


Heucitic and nephelinitic rocks of the series are fine-grained, so that a quanti- 
IHative mineral separation could not be performed. We therefore enriched 
|troundmass along with phenocryst separates. The latter consisted mainly of 
Hinopyroxenes and/or olivine. The samples for analysis were documented by 


Itounting (200 points). 

|| The sample description of the “Schellkopf” phonolite is given by 
IFuHRMANN & Lirrort (1985). The leucitite “Meirother Kopf” contained a 
Itrustal xenolith, consisting of monomineralic quartz. It was separated by 
hand picking and analyzed. In addition single grains of quartz were observed 


4. Analytical techniques 


The samples were wrapped in Al-foil and sealed in evacuated quartz 
| ampoules. The neutron irradiation was carried out in the Jülich FR2 reactor 
Nunder 1 mm Cd-shielding. The neutron dose was 5 x 10'°n/cm?. As 
irradiation monitor the international muscovite standard “Bern 4 M” was 
sed. The K-Ar age was taken as 18.5 + 0.2 Ma. The decay constants used 
ere those recommended by STEIGER & JÄGER (1977). 
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Fig. 1. Locations of the investigated occurrences on a sketch map of the East Eifel after 
AHRENS & SCHMIDT (not dated). 
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able 1. Sample localities and rock types of the volcanics under investigation. Sample 
| numbers refer to Fig. 1. 


| 


ir. Locality TK 1:25 000 Coordinates Rock-Type 
Hannebacher 5508 >80 930 Melilite nephelinite 
Lei Kempenich >90 960 
Schellkopf 5508 582740 Alkali phonolite 
N Kempenich >88 970 
| Meirother 5509 >84 520 Leucitite 
Kopf Burgbrohl >88 290 
Hardt 5609 83740 Alkali phonolite 
Mayen >85 310 
Schorenberg 5609 984 720 Alkali phonolite 
Mayen °84 890 
Burgberg 5609 °84 980 Alkali phonolite 
| Mayen 5384 550 
| Hochstein 5609 285 960 Leucite nephelinite 
Mayen 82110 
| Hochsimmer 5609 85 870 Leucitite 
Mayen >79 320 
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Magnetic Hoch- - - - 1 - 5 - 94 - 
Non-magn. simmer 7 74 19 - 
Magnetic Hanne- — = 2 - = 2 - 7 - 
Non-magn. bacher - - 6 - - 6 - 8 - 
Lei 
ILeucite 1 2 
> Hardt 
}Sanidine er 100. = - 
KSanidine Burg- 
| berg O90 = 0.4 - = = = = 
|iLeucite Schoren- 
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Ar was measured with a Varian MAT GD 150 gas mass spectrometer in 
static mode (radius of curvature: 5 cm, refraction angle: 180°). Gas extraction 
was performed by inductive heating of a Mo crucible, gas purification by Ti- 
and Cu-CuO-getters. The isotope composition of atmospheric argon was 
determined at 295.07 + 0.10 during the time of investigation. Temperature 
calibration was done with an optic pyrometer. 


5. Results of the 49Ar/>? Ar analyses 


The documentation of our results, the graphic presentations and the 
discussion is presented in three parts: first, the results obtained by 
groundmass separates of leucitites and nephelinites (Table 3A, Fig. 2A); 
second, the analyses of the mafic phenocrysts of the same rocks as well as the 
measurement of the quartz inclusion from the Meirother Kopf leucitite 
(Table 3B, Fig. 2B); and third, the results of the phenocrystic minerals 
sanidine and leucite from phonolitie rocks (Table 3 C, Fig. 2C). The notation 
tm and t, mean total argon age and plateau age respectively, + 1 o error. 


“ooo 0,21 |0,32| 0,54 3,13 15.7 | eo 0,08 0,15 0,27 046 | m | 
,0 


tm= 0.47 +0,05 Ma tm = 0.41 + 0,03 Ma 


„Hannebacher Lei” „Hochsimmer’ 


39, - fon} 100 0 50 39, op} 100 

ea os Pane 

%E Teste [a [ey OYE ae Tom [ao 
tn = 0.35 + 0,05 Ma y ni al t= 0,42 + 0,03Ma 


06 
0,4 
0,2 


, Hochstein” 


„Meirother Kopf” 
100 0 50 
| Ar [%] 


0 50 39a 1m 100 


Fig. 2 A. "Ar/”Ar age and Ca/K ratio spectra of four groundmass samples from 
nephelinites and leucitites (tm = total argon age). 
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6. Discussion of the age spectra 
|.1 Magnetic component of the basaltic alkali rocks: Groundmass separates 


_ The four samples (Fig. 2A) are characterized by flat age spectra which 
clude severe distortions of the K-Ar systems. The standard deviation of the 
ipges, on the other hand, is large due to an extremely large amount of non- 
fadiogenic argon (Table 4). Though obviously the ages of samples with 85 to 
3% of atmospheric 40 Ar are difficult to determine, we consider the *Ar/ 
Ar ages of the groundmass samples to be reliable. 


Table 3 A. *Ar/”Ar results of four groundmass samples from nephelinites 
and leucitites. 


TCC) Arztm 


(%) 


och- 1 500 84.1 15.3 0.04 3.48 + 0.40 044 + 0.05 
immer 2 700 77.4 32722003 3.44 + 0.26 0.44 + 0.03 
0.937 g) 3 800 80.5 DIDI AA HIER 0.34 0472004 
4 950 83.0 14.4 0.24 3.085 0365.0895220.05 
5) 1200 93.0 11,3 20005527 7 SAT ae Ue 20552-220110 

6 1450 100 1.0 123 = = 
Total 883.4 0994372228023 04122005 

! Hoch- 1 500 100 3.8 = = = 
stein 2 700 90.4 7.8 0.23 3. U6 0 Dom Oa 35 ate 04 
(0.907 g) 3 800 90.4 16.022030 22467-250537 035,2 0108 
4 900 744 23.8 026 3.40 + 0.30 0.48 + 0.04 
=) 1050827 18-5720. 907 26 == 0.2425. 0322-280.03 
6 10V EST SAO SNS: SOLS) MOM see OF 

7 1450 100 24 6.389 = = 
Total SEN Zo DAS 3 0:34 035522. 10105 
|Meiro- 1 500 78.5 7.4 = 2.34, 220 0:21080532-=2.0.05 
|ther 2 700 69.6 8820 D0 A ae 0415 UE) se OKO) 
Kopf 3 800 75:60 28-4 2.045 338.5 0,23 2 047=5.0:03 
(0.930 g) 4 950 81.8 WHS Oye 2,815 7029503950104 
5 250 eo eo 18.6 ies IG Oyen se Oi 
6 T4507 96:6) 2.07, 18.7 ile ae de} SiO peau les 
Total: 85.9 1.68 3 Olen OLS S W042 ea 0:03 
Hanne- 1 500 96.5 9.6 O}OS ee 24: E78 05254030 
| bacher 2 600 Ces Tes Ol0S Tea Ok 29720 055822022 
Lei 3 750 94.2 1265201 A 8 ae 052522047 
0.834 g) 4 850 92.1 ES) Osi 418 + 1.24 046 + 0.14 
>) 900 WS BE WP Ele Dee 
6 100777407 2538 168 2450220265 0 49810103 
7 1250 87.6 10.7 Salome 488 Gh O17 ON 02530108 
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Beside the ages, Fig. 2 A shows the relative contribution of Ca- and K-rich 
sites to the argon release, determined from Ca-derived 37Ar and K-derived 
39Ar The lower degassing steps with Ca/K-ratios of 0.1 to 0.5 clearly 
demonstrate the predominance of K-rich phases in the temperature range of 
500 to 900° C. High temperature steps show the preferential degassing of 
Ca-rich sites (here: mainly pyroxene within the groundmass). 

- The large analytical errors of the first 4 degassing steps of sample “Hanne- 
bacher Lei” are due to unusually high atmospheric contamination. This rock 
is the only one of the series which contains haiiyne (see Table 2). Haiiyne, a 
member of the sodalithe group, is characterized by numerous lattice 
vacancies, which enable the absorbtion of extraneous ions. Therefore, this 
mineral could be responsible for the large atmospheric contamination. 
Degassing characteristics of haüyne are unknown to date. Yet there is 
evidence that nosean, the member on the other end of the solid solution 
line, looses argon mainly at high temperatures (FUHRMANN & LippotT 1985). 
TayLor (1967) describes considerable differences between the members of 
the nosean-haüyne solid solution series as far as chemistry, density, refractive 
index and cell parameters are concerned. Therefore it is not presumptuous to 
assume differences in the degassing behaviour of nosean and haüyne. 

Another cause for the unusually high atmospheric Ar content of the 
“Hannebacher Lei” may be its content of melilite. It is the only melilite- 
bearing rock of this series. No experiences have become known so far with 
the degassing or absorbtion behaviour of this mineral. 

Summarizing the evidence of the age spectra, we may state: 

- The four volcanic rocks show isotope ages between 0.47 + 0.05 Ma 

(“Hannebacher Lei”) and 0.35 + 0.05 Ma (“Hochstein”). 

- Each sample has an age plateau comprising all degassing steps under 2- 
o-criteria. 

- No distortion of the K:Ar system, nor any violation of the prerequisites 
of the K-Ar method were found. Thus groundmass samples seem suitable 
for K-Ar dating of such young rocks. 


6.2 Nonmagnetic component of the basaltic alkali rocks: Mafic phenocrysts 
and crustal inclusion 


Three separates consist of more than 80% of mafic phenocrysts (Meirother 
Kopf: 93%, Hochstein 93%, Hochsimmer 81%). The “Hannebacher Lei” 
separate shows no significant enrichment of pyroxene and olivine compared 
to the magnetic groundmass sample. The reason is a scarcity of these phenoc- 
rysts in the specimen. The phenocrystic haüyne was enriched instead. 

The degassing spectrum of this sample “Hannebacher Lei” (Fig. 2B) is 
therefore similar to the spectrum of the groundmass sample of the rock: a 
large amount of atmospheric argon in the lowest degassing step, followed by 
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t [Ma] 10] Meirother Kopf 
| tm=3:2+0,2 Ma 
8 


Hannebacher Lei 
tm = 0,49 + 0,06Ma 


0 50 100 


Hochstein ‘inal Hochsimmer 
th, = 2,2 +03 Ma | tm=0.7+0,1Ma 


Ww 


0 50 100 0 50 100 
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800 Quartz inclusion 
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400! 
Se She we a, 


"Ar released [%] 


|Fig. 2 B. *°Ar/*’Ar age spectra of four mafic seperates from nephelinites and leucitites 
nd a quartz inclusion. 


ı poorly defined age plateau, in accordance with the age of the groundmass 
separate, at 0.49 + 0.06 Ma. Here we cannot see any age distortion. The 
other three nonmagnetic separates clearly differ: here a significant increase in 
he *°Ar/??Ar ratios at high temperatures can be observed. The first degassing 
step is in accordance with the ratio of the groundmass separate. Obviously 
the remaining groundmass component of the nonmagnetic sample is 
legassed first. The degassing of the K-poor phenocrysts is signalized by the 
ncrease of the ”’Ar/”Ar ratios (Table 3B). Ratios up to 120 are reached 
korresponding to a Ca/K ratio of 230. 

This degassing behaviour could be expected from the mineral compo- 
sition and the degassing properties of the components of the samples. At low 
temperatures K-rich and Ca-poor groundmass grains are degassed. They are 
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Table 3 B. *°Ar/3°Ar results of four magnetic separates from nephelinites and leucitites. 


oe dr nn el ee ee 
Sample/ Step TCC) Arsm 9Ar Ar MAr/”Ar e=Esle0z(Ma) 
weight (%) (%) Ne 
Hoch- 1 800 98.1 42.9 0.10 14 + 14 0.022202 
simmer 2 1300 91.9 54.8 12 A792 16 105002 
(0.892 g) 3 1500 97.1 23 5241 18 + 16 se | 
; Total: 94.7 8.0 5.0 se le 0.66 + 0.15 

Hoch- 1 800 99.0 12.672088 AS == igs 03.2708 
stein 2 1300 86.1 7.5 16.8 is es 20) 2022403 
(0.839 g) 3 1450 . 89.9 14.1 115.97 33:03 827 5.6465 123 

4 100 1500 1.8 11957 = 

Total: ODS 30.6 14:9 = 2s 2224083 
Meiro- 1 800 92.8403 re LS ze 105, 086 E09 
ther 2 1300 75.1 46.1 ee esha 55 4:28,03 
Kopf 3 1500 84.4 13.6 175 65.1 + 8.4 So) ae Ill 
(0.881 g) 

Total: 81.1 ; 1162 SAT Sip as UEP 
Hanne- 1 950 93167 B72 WS ee ORO) 0.585202 
bacher 2 135057 8641 57:2 Sr 2. AA IEEN0: 0.45 + 0.06 
Lei 3 1500 95.6 55 2.45 3.20 EEK 0.3722. 0816 
(0.808 g) 

Total: 913 1,6024 2205 0.49 + 0.06 
Meiro- 1 950 476 403 - 607 + 87 62 + 8 
ther 2 1150 460 398 - 15142: 1652 eS ORE mG 
Kopf 3 1450 44.6 Loo 7660 + 7650 656 + 550 
inclusion 
(0.389 g) Total: 45.3 2375, == 496 2305 22845 


followed at higher temperatures (above 1000° C) by the high-melting Ca- 
rich phases, i.e. the phenocrystic pyroxenes and olivines. The observed 
excess "Ar of mafic phenocrysts affects the age determinations on whole 
rock samples. The apparent ages are too high depending on the degree of 
contamination with phenocrysts. The proportion of excess argon differs 
between the occurrences (Table 4) and maybe within one occurrence too. 
Thus the influence of the argon excess on K-Ar whole rocks ages can hardly 
be determined quantitatively. At any rate, we see that mafic phenocrysts may 
cause whole rock data of basaltic rocks to vary, especially in the age range of 
interest. 

The largest effect of excess argon can be observed in the crustal inclusion 
in the “Meirother Kopf” leucitite. This may be a remainder of a partially 
molten Devonian sediment. The "Ar content of this inclusion is the highest 
one of all the separates under investigation. This inclusion was obviously not 
totally degassed by the basaltic melt. 
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Summarizing the results of the nonmagnetic separates, we can conclude: 
olivine and pyroxene phenocrysts as well as crustal xenoliths of East 
Eifel volcanics contain excess argon; 


| these components, when present in whole rock separates, falsify the K- 
Ar data. 


il hble 4. Concentrations of atmospheric, radiogenic and excess “Ar in the samples. 
otation: atm = atmospheric 


“= measured minus atmospheric 

i EX excess. 

q 

| 

i 

| Jame Sample Aa nen Ar Ar. 

(%) x 10-7 x 10% x 10-8 

N ccm/g ccm/g ccm/g 

Nioch- Grdm. 93 3 1.9 P 

kein Phen. 93 2 22 189 
Hoch- Grdm. 88 4 6.1 - 

immer Phen. 95 4 0.48 0.17 

Wei- Grdm. 86 3 4.5 - 

other Phen. 81 2 3.8 33 
opf Incl. 45 3 33 35 
IHanne- Grdm. 93 8 6.3 - 
acher Lei Phen. 91 7 6.1 - 

[Hardt Sani. 81 10 17 - 

| ewe 87 22 26 - 
schorenberg Leuc. 59 d 26 - 
Zurgberg Sani. 54 2 17 1.0 


5.3 Felsic phenocrysts from phonolitic alkali rocks 


| 


| Fig. 2C and Table 3C contain the results obtained from mineral separates 
pf three phonolitic rocks. Data from a further phonolitic occurrence, the 
*Schellkopf” alkali phonolite, were already published (FUHRMANN & LippoLT 
985). 
| The two leucite separates show undisturbed age plateaus over 100% of 
the degassing. The spectrum of the sanidine from the “Hardt” selbergite is 
Also without any significant distortion. The sanidine from the “Burgberg” 
belbergite is characterized by a slight increase in *°Ar/*?Ar ratios in the last 
degassing steps. The plateau age of this sanidine is 0.39 + 0.01 Ma, whereas 
the total argon age is 0.43 + 0.01 Ma. 

This effect could be due to a small nosean contamination of the sanidine 
separate (see Table 2). FUHRMANN & Lippott (1985) proved that the nosean of 
he nearby “Schellkopf” phonolite is a carrier of significant amounts of 
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Fig. 2 C. *°Ar/*’Ar age spectra of phenocrystic sanidines and leucites from phonolites. 


excess argon. Further investigations on nosean separates of several East Eifel 
volcanics will be carried out in order to evaluate this source of error. Despite 
this small distortion dating of K-rich phenocrysts seems to be the best way to 
get reliable K-Ar ages for young volcanics. 

Sanidine phenocrysts are the most popular tool to date volcanics by the 
K-Ar method, due to high K-contents and an excellent argon retentivity. 
Leucite too shows its suitability for the K-Ar method. Rapicat1 D1 BRozoLo 
et al. (1981) reached the same conclusion for leucite phenocrysts of the 
Roman volcanic field. 

It is noteworthy that leucite and sanidine phenocrysts from the “Hardt” 
selbergite show identical *°Ar/*?Ar ages under lo-aspects (0.45 + 0.02, resp. 
0.46 + 0.02 Ma). The ages of the other occurrences (“Schorenberg”: 0.40 + 
0.01, “Burgberg”: 0.39 + 0.01, “Schellkopf”: 0.38 + 0.02 Ma, cited from 
FUHRMANN & Lippott 1985) are younger but fall in the same age arrays as 
the four basaltic alkali rocks (0.47 to 0.3 Ma, see 6.1). 


iwc degassing patterns of groundmass and mineral 
separates 


For the groundmass samples of the nephelinites and leucitites, Fig. 3 
shows the *’Ar degassing (% of total *’Ar) plotted against the temperature. 
The degassing time is the same for all steps and for all samples (35-40 min.). 
We see a rough correlation between two of the four graphs; “Hochsimmer” 
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able 3 C. "Ar/”Ar results of phenocrystic sanidines and leucites from phonolites. 


Aample/ Sigy ICO) Wek ie VAT Ar t = 1 o (Ma) 
lReight (%) ——_(%) 
Hiaardt 1 700 994%, 13 28.5 + 8.7 1.6 + 0.5 
anidine 2 800 991875 10.21 + 0.83 0.58 + 0.05 
1.798 g) 3 850 co 9 8.23 + 0.53 0.47 + 0.06 
4 900 of as 7.90 + 0.63 0.45 + 0.04 
5 930 Tie mos 6.84 + 0.53 0.39 + 0.03 
6 950 71.8 49 7.64 + 0.47 0.44 + 0.03 
7 LOOOF e744 75 7.71 + 0.43 0.44 + 0.03 
| 8 10507 732. 63 8.04 + 0.47 0.46 + 0.03 
9 1100 740 7.5 8.10 + 0.56 0.46 + 0.03 
10 E10: . FOF penel:s 9.10 + 1.62 0.52 + 0.09 
11 1150 746 124 7.54 + 045 0.43 + 0.03 
12 1230-726 14.87 778 40:46 0.45 + 0.03 
13 130 768 116 7.84 + 0.52 0.45 + 0.03 
14 14300820 33 8.32 + 0.84 0.48 + 0.05 
Total 87.2 8.28 + 0.28 0.473 + 0.019 
tPlateau(3-14): 0.448 + 0.017 
Jaardt 1 300 944 02 34.3 + 12.1 1.9 + 0.7 
heucite 2 450 97.0 — 14 9.5 + 64 0.52 + 0.35 
1.330 g) 3 550 93.4 5.1 10.9 + 2.2 0.60 + 0.12 
4 600 877 15.2 842 + 0.33 0.47 + 0.02 
5 700 78.9 38.5 826 + 0.24 0.46 + 0.02 
6 750 7143 222 829 + 0.36 0.46 + 0.02 
7 900 884 12.1 880 + 0.95 0.49 + 0.05 
8 1250 942 54 118 + 12 0.65 + 0.07 
Total: 86.9 8.74 + 0.31 0.482 + 0.021 
tPlateau(4-7)! 0.462 + 0.018 
i choren- 1 600 46.0 40.7 7.88 + 0.14 0.415 + 0.012 
serg 2 700 33 294 7:76 0,11 0.408 + 0.011 
Leucite 3 800 BG 237 765 > 0.16 0.402 + 0.013 
1.154 g) 4 900 791 4.6 9.16 + 0.79 0.481 + 0.043 
| 5 950 re) 8.14 + 1.38 0.428 + 0.073 
| 6 1050 918 01 14.9 + 3.4 0.78 + 0.18 
| vi ISO IT 17.1 + 17.1 0.9 + 0.9 
| 8 1430 100 0.1 n 2: 
| Total 86.9 791 + 0.13 0.413 + 0.012 
t(Plateau 1-3): 0.403 +0.010 
Burgberg 1 800 Ge eal 6.81 + 0.81 0.391 + 0.048 
Sanidine 2 850 547° 15.2" et 0.53 0.382 + 0.022 
1.057 g) 3 900 34.9.50013:5.0 6.92, 10,34 0.398 + 0.022 
| 4 950 341.04 2.10.00. 0696740028 0.400 + 0.018 
| 5 1050, 43:5. 11.3 . .6.06.2 0.38 0.348 + 0.023 
6 1100. 24372 2115, 37.102 0.22 0.408 + 0.015 
7 00 4250 14s 898 OS 0.516 + 0.015 
8 100 BAT 140% W944 0:52 0.543 + 0.022 
9 14501903022 51 #15 0.29 + 0.09 
Total: 53.8 740 + 0.13 0.426 + 0.012 
0.388 + 0.010 


(Plateau 1-6): 
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Fig. 3. °?Ar release patterns from leucititic and nephelinitic groundmass samples. 


and “Meirother Kopf” leucitites have nearly identical degassing patterns. The 
maximum gas loss is reached at 700° C. This maximum is shifted toward 
higher temperatures for the two nephelinitic samples “Hochstein” and — 
“Hannebacher Lei”. The melilite bearing nephelinite “Hannebacher Lei”, of 
which nepheline is the only K-rich phase, shows a degassing maximum at — 
1300° C. This agrees with the high Ar retentivity of nepheline. The 
maximum gas loss of the “Hochstein” nephelinite occurs at 1100° C. Here 
we see the degassing of the two K-rich components (leucite and nepheline) — 
overlap. 

Different grain sizes of the K-minerals in the sample may also influence 
the shape of the release patterns, but the main differences are clearly due to 
the specific characteristics of leucite and nepheline. Leucite seems to be less 
retentive than nepheline but an argon loss at natural surface temperatures for 
leucite has not to be envisaged. 
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if 4. Ar release patterns from phenocrystic sanidines and leucites of alkali phono- 
|tic rocks. 


Fig. 4 shows the degassing patterns of phenocrystic leucites and sanidines. 
[he leucite (“Hardt”) has an Ar loss characteristic very similar to that of the 
jPucitic groundmass separate (Fig. 3) with a maximum at an extraction 
Iemperature of 700° C. The other leucite seems to signalize Ar loss at lower 
pmperatures, but probably because of an unconvenient choice of the 
Fegassing temperatures. The two sanidine samples release Ar at higher 
pmperatures than leucite. They show complex Ar release patterns with two 
hegassing maxima at 800-900° C resp. 1200-1300° C. This may be due to 
tansformation of mineral phases. BaapsGaarp et al. (1961) described similar 
fects for sanidines. Nonetheless sanidine is the most suitable mineral for K- 
Ar age determinations because of its high retentivity (BAADSGAARD et al. 
1961, FRECHEN & Lippott 1965). 

| The considerations made here are quite tentative, because of the rather 
nsufficient control of degassing time and temperature. But this by-product 
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of the *°Ar/3?Ar age determination enables us to distinguish between the 
mineral phases of groundmass samples by their degassing behaviour and 
supplies a basis for evaluating the age spectra. 


8. Comparison of the ages with former age determinations 


As mentioned in the introduction there are two publications dealing with 
K-Ar determinations on rocks of our suite (FRECHEN & Lippott 1965 and 
SCHMINCKE & Mertes 1979). Some of the occurrences have been dated by 
two or three working groups; the following table 5 compares the results. 


Table 5. Comparisons of the results with published K-Ar ages of the 
same East Eifel rocks. 


Occurrence K-Ar age determinations (Ma) published by 

FRECHEN & SCHMINCKE & this 

Lippoitt 1965 ~ Mertes 1979 work 
Hochstein 0.26 + 0.08 0.67 + 0.03 0.352 0105 
Hochsimmer (SEEN 0:62, == 0105 0.41 + 0.03 
Schellkopf 0.58 + 0.04 - 03822002 
Hardt 0482222003 - 0.45 + 0.02 
Meirother Kopf = 0.68 + 0.05 0.42 + 0.03 
Hannebacher Lei - 0.44 + 0.02 0.47 + 0.05 


As we see, the ages obtained by FRECHEN & Lippott and by the present 
study are identical under lo-criteria (exception: “Schellkopf”, due to excess 
argon in nosean phenocrysts). The result of SCHMINCKE & MERTES are higher 
by a factor of 1.5 to 1.9, the “Hannebacher Lei” leucitite being excepted 
because of its small amounts of excess argon-bearing mafic phenocrysts. 

The falsification of the ages of “Hochstein”, “Hochsimmer” and 
“Meirother Kopf” given by Scumincke & Mertes (1979), judging from our ~ 
results, are due to excess argon in the mafic phenocrystic component of the 
whole rock samples. FRECHEN & Lippo.t (1965), on the other hand, also used 
whole rock aliquots. Their K-Ar ages do not show any excess argon contami- 
nation. This difference may be due to sample preparation: mafic phenocrysts — 
behave resistant during crushing and are enriched in the coarsest grain 
fraction. SCHMINCKE & MERTES (1979) used the sieve fraction 420 to 700 um - 
after crushing the whole material under 700 um. By doing so, an uninten- - 
tional enrichment of mafic phenocrysts is inevitable. FRECHEN & LippoLt 
(1965) did not use the coarsest sieve fraction for dating but a medium- 
grained sample after a careful homogenisation. They therefore had less mafic 
phenocrysts in their samples. 

These considerations indicate that whole rock dating on such volcanics is _ 
succeptible to errors. We therefore prefer groundmass separates because of 
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: en of phenocrysts and xenoliths. But also with groundmass samples 
| Ar/??Ar technique is considered safer in obtaining reliable ages 
cause it enables us to recognize and eliminate distorted measurements. 


RECHEN 1976, SCHMINCKE & Mertes 1979, WINDHEUSER et al. 1982). 
ECHEN & Lippott (1965) gave K-Ar ages between 0.6 and 0.3 Ma for this 
pup of volcanoes, called “selbergitic-foiditic group” (FRECHEN 1976). 

The K-Ar ages given by SCHMINcKE & Mertes (1979) between 0.7 and 0.5 
{Ha are too high because of excess argon. The same findings hold true for the 
Hichellkopf phonolite dated by FrecHEN & Lippott (1965). Excess argon in 
nenocrystic nosean falsified the K-Ar data. This means that the age array of 
ike “older selbergitic-foiditic” group is now very narrow, between 0.49 and 
30 Ma when taking into account the standard deviations. There is no 
Il to postulate the existence of older volcanic hardrocks, as we now 


| 
| 


ve reliable ages for almost all volcanoes of the “selbergitic-foiditic” group. 
shown here and earlier (FUHRMANN & Lippott 1985) only effects which 


crease but none that decrease the ages have been found. We therefore 


slieve that the conventional K-Ar age determinations on whole rock 


Hparates by FRECHEN & Lippott (1965) obtained from four more occurrences 


r [Ma] —r 
0.30 0.35 0.40 0.45 0.50 


Hannebacher Lei 


Hardt (sanidine, leuci te) 


Meirother Kopf 


Hochsimmer 


Schorenberg 


Burgberg 
Schellkopf 


Hochstein 


0.30 0.35 0.40 0.45 0.50 


ig. 5. #Ar/”Ar ages of eight volcanoes of the western East Eifel. 
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of the “selbergitic-foiditic” group are in the right age range. These are the 
values of “Olbriick” phonolite (0.42 Ma), “Sulzbusch” nephelinite (0.34 Ma), 
“Perler Kopf” phonolite (0.33 Ma) and “Engelner Kopf” phonolite (0.33 Ma). 
Six pyroclastic deposits dated with sanidine yielded ages between 0.41 and 
0.35 Ma. 

All these data define a very narrow time span for all the eruptions in the 
Rieden area between 0.49 and 0.30 Ma, with a distinct maximum at 0.4 Ma. 
No reliable age above this limit could be found. Thus we are quite confident 
about the beginning of volcanism in this area. At least it can be said that 
there is no volcanic hardrock older than 0.5 Ma. Pyroclastic deposits of older 
age, however, may possibly exist. These older occurrences, hidden by 
younger volcanics, could be the source of the volcanic material inbedded in 
the Rhine terraces which are considered older than 0.5 Ma. 
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Untersuchungen zur Lithologie-Abhängigkeit 
geoelektrischer Eigenpotentiale 


A Study of Self-Potentials and their Relation to Lithology 


Von 


H. Ulrich Scherer und Kord Ernstson, Würzburg 
Mit 11 Abbildungen und 1 Tabelle im Text 


SHERER, H. U. & Ernstson, K. (1986): Untersuchungen zur Lithologie-Abhangigkeit 
Foelektrischer Eigenpotentiale. [A Study of Self-Potentials and their Relation to 
ithology.] - N. Jb. Geol. Paläont. Abh., 172: 21-45; Stuttgart. 


Nlbstract: The geoelectrical SP method is a well-known and simple measuring 
echnique in mining geophysics and a standard log run in boreholes. In recent years, 
ne method has been increasingly applied in the field of hydrogeology, engineering 
eology, and geothermal exploration. However, there are many unsolved problems, and 
owledge is especially poor when origin and distribution of the natural electric 
\urrents in near-surface rocks are considered. Therefore, systematic SP measurements 
Ikere carried out over Triassic sediments in Northern Bavaria. They show complex 
IIhfluences of lithological, pedological, and biological parameters and, moreover, reveal 
fnat self-potentials are subjected to remarkable time-variations. The electric field is 
Dmposed of two components with different wave-lengths. The short-period 


mount to 150 mV, and they depend on lithology as well as on vegetation. The long- 
keriod component shows wave-lengths in the meter and dekameter range and ampli- 
des of up to some tens of millivolts. It is related to changing underground lithology. 
soth components when measured on the ground and within shallow boreholes display 
lifferent behaviour. The observations suggest that self-potentials at the near-surface 
hust be regarded as being primarily of a streaming-potential character. Because of the 
lose relation between SP and underground lithology the SP method proves to be a 
mple geophysical measuring technique in geological mapping, especially when corre- 
ation of profiles is considered. 


Key words: Self-potential, geoelectrical method, streaming potential, lithology, 
suntsandstein, Muschelkalk, Keuper, Triassic, resistivity, natural gamma radiation, soil 
femperature, geological mapping, correlation; Northern Bavaria. 


Zusammenfassung: Der geoelektrischen Eigenpotential-Methode - herkömmlicher 
Einsatz in der Erzprospektion und bei bohrlochgeophysikalischen Messungen - 
krerden in zunehmenden Maße neue Anwendungsbereiche erschlossen. Dazu gehören 
lie Hydrogeologie, die Ingenieurgeologie und die Prospektion auf geothermische 
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Energie. Einer routinemäßigen Anwendung stehen aber immer noch die geringen 
Kenntnisse über Ursachen und Ausbildung der natürlichen Erdströme entgegen. Syste- 
matische Untersuchungen zum Eigenpotential-Verhalten in Trias-Sedimenten 
Nordbayerns zeigen ein komplexes Zusammenwirken von lithologisch-faziellen, 
bodenphysikalischen und biologischen Parametern und außerdem eine starke zeitliche 
Veränderung des Eigenpotentials. Es läßt sich in zwei Komponenten unterschiedlicher 
Wellenlänge zerlegen. Die kurzwellige Komponente hat Wellenlängen im Dezimeter- 
bis Meterbereich und Amplituden bis zu 150 mV. Die langwellige Komponente besitzt 
Wellenlängen im Meter- bis Dekameter-Bereich und Amplituden bis zu einigen 10 mV. 
Beide Komponenten sind unterschiedlichen Quellen zuzuordnen. Sie zeigen unter- 
schiedliche Beziehungen zur Lithologie des Untergrundes und abweichendes Verhalten 
an der Oberfläche und in flachen Bohrlöchern. Modellvorstellungen sehen die Eigen- 
potentiale im sedimentären, oberflächennahen Bereich überwiegend als Filtrations- 
Potentiale. Aus der Lithologiebezogenheit beider SP-Komponenten resultiert ein 
einfaches geophysikalisches Hilfsmittel bei der Kartierung, insbesondere für die Korre- 
lation von Profilen. 
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1. Einleitung 


Das Vermessen natürlicher elektrischer Gleichfelder gehört in Form der 
Eigenpotential-Methode (SP-Methode, von engl.: self-potential) zu den 
ältesten geophysikalischen Prospektionsverfahren: Bekanntlich können vor 
allem sulfidische Erzkörper, aber auch Graphitvorkommen zu Eigenpoten- 
tial-Anomalien von mehreren 100 mV an der Erdoberfläche führen. Ebenso 
wohlbekannt ist das Entstehen und Vermessen von Eigenpotentialen in 
Bohrlöchern, wo eine lithologische Gliederung und Korrelation von 
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‚ Bohrprofilen im Vordergrund stehen. Neben diesen klassischen Anwendun- 


| gen findet in neuerer Zeit die SP-Messung auch bei ingenieurgeologischen 


und hydrogeologischen Fragestellungen zunehmend Beachtung. Als 


| Beispiele seien der Nachweis von unterirdischen Hohlräumen (MiLiTzER 


1977), Untersuchungen über Rutschungszonen (BocosLovskv & OcıLvy 
ı 1977, MüLıer 1977), die Bestimmung des Absenktrichters bei Pumpver- 
suchen (Bocosıovsky & OcıLvyv 1973), die Abgrenzung von Grund- 
_ wasserauf- und -abstiegszonen (Aposrot et al. 1975) und das Aufspüren von 
Lecks in Staudämmen (OcıLvy, Avep & BocosLovsky 1969; ARMBRUSTER & 


| MerkLer 1984) angeführt. Aktuell wurde die SP-Methode im‘ Zusam- 


_ menhang mit der Exploration auf geothermische Energie (Zoupy, ANDERSON 
 & MUFFLER 1973; ANDERSON & Jounson 1976; ZaBLockyY 1976; Masey et al. 
1978; Corvin & Hoover 1979) und mit dem Auftreten von Vorläuferphäno- 
menen im Rahmen einer Erdbebenvorhersage (Corvin & Morrison 1977). 

Bei all diesen ,nicht-konventionellen* Anwendungen ist uniibersehbar, 
daß die bisher nur geringen Kenntnisse über das Verhalten der Eigenpoten- 
tiale im Oberflächenbereich einen routinemäßigen Einsatz der SP-Methode 
vorerst stark einschränken. Ein Zitat von Corvin & Hoover (1979, S. 243), 
die die SP-Messung bei der Exploration auf geothermische Energie disku- 
tieren, mag dies verdeutlichen: 

„A better understanding of sources of geologic noise and electrode effects 
could lead to techniques for their removal from field data, allowing more 
reliable detection of anomalies of amplitude less than a few tens of milli- 
volts“ 

Dieser ,geologic noise“ sind die durch die lithologisch-faziellen, hydro- 
geologischen und bodenphysikalischen Verhältnisse im oberflächennahen 
Bereich verursachten Eigenpotentiale, die auch von meteorologischen 
Parametern und der Vegetation beeinflußt werden. 

Es ist das Ziel der vorliegenden Arbeit, einen Beitrag zu ihrer systema- 
tischen Untersuchung zu liefern. Nicht zuletzt wird dabei dem Begriff 
„geologic noise“, der von Corvin & Hoover speziell im Zusammenhang mit 
großräumigen, langwelligen Anomalien geprägt wurde, der Charakter des 
Störenden genommen und gezeigt, daß die SP-Methode vor allem auch als 
einfach zu handhabendes Hilfsmittel der geologischen Kartierung dienen 
kann. Dieser Gedanke ist nicht vollkommen neu. Bereits HunkeL (1928) 
befaßte sich mit der Messung natürlicher Erdströme und ihrem Verhalten an 
Gesteinsgrenzen. Auf die grundsätzliche Möglichkeit, die SP-Methode bei 
der geologischen Kartierung einzusetzen, wird auch später gelegentlich 
hingewiesen (z. B. Tetrorp et al. [1976]), ohne daß weitere konkrete Unter- 
suchungsergebnisse bekannt geworden sind. 

Die hier mitzuteilenden Resultate sind hinsichtlich der Problemstellung 
nicht erschöpfend, da sich die Untersuchungen auf wohldefinierte Gebiete 
mit definierten stratigraphischen und lithologischen Einheiten sowie ganz 
bestimmte Vegetation und klimatische Verhältnisse beschränken. Aber sie 
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zeigen grundsätzliche Zusammenhänge auf, die auf andere Gegebenheiten 
übertragbar sein sollten. Das gilt auch für einen besonderen Aspekt des SP- 
Verhaltens, die starke zeitliche Veränderung der natürlichen elektrischen 
Felder, die einer entscheidenden Steuerung durch meteorologische und 
hydrogeologische Parameter unterliegt. Über diesen Komplex wird an 
anderer Stelle ausführlich berichtet (SCHERER 1983; ERNSTSON & SCHERER 
1986). 


2. Ursachen der Eigenpotentiale 


Hinsichtlich der Entstehungsursache lassen sich die Eigenpotentiale in die 
elektrochemischen und die elektrokinetischen Potentiale einteilen. Zu 
ersteren rechnet man auch die Mineralisations-Potentiale, auf die hier aber 
nicht weiter eingegangen wird. 

Die elektrochemischen Potentiale i. e. S. sind das Diffusions- und das 
Membran-Potential. Ihre Entstehung ist vor allem durch Untersuchungen der 
Bohrlochgeophysik bekannt und wird in Lehrbüchern (z. B. LEHNERT & 
RotHe (1962); MeınnoLp (1965); Terrorp et al. [1976]) ausführlich 
abgehandelt. Hier genügt es, die wichtigsten Bedingungen mitzuteilen: 

Elektrochemische Potentiale entstehen, wenn zwei Elektrolyte abwei- 
chender Konzentration oder Gehalte an Ionen aneinandergrenzen. Eine 
Ladungstrennung erfolgt durch unterschiedliche Ionenbeweglichkeiten 
(Diffusions-Potentiale) oder durch Membranaktivität, insbesondere von 
Tonmineralen (Membran-Potentiale). Verglichen mit Mineralisations-Poten- 
tialen sind die auftretenden Spannungen 1. a. klein (einige Millivolt bis 
einige 10 mV). Das gilt sowohl für Bohrlöcher, in denen das Potential 
künstlich durch die eingebrachte Spülung erzeugt wird, als auch für 
Messungen an der Erdoberfläche, wo Konzentrationsgefälle im Kontaktbe- 
reich unterschiedlicher Grundwässer und im Kontaktbereich Grundwasser - 
Bodenwasser - Niederschlag zu erwarten sind. 

Die elektrokinetischen Potentiale (auch: Filtrations- oder Strömungspo- 
tentiale) entstehen bei der Bewegung eines Elektrolyten durch ein poröses 
Medium. Ladungstrennung erfolgt durch die Wechselwirkung der bewegten 
Phase mit der Helmholtz’schen Doppelschicht an der Phasengrenze 
Elektrolyt/Festkörper. Für eine Kapillare erhält man eine Potentialdifferenz 


a (1) 


Dabei sind p, e und n der spezifische Widerstand, die Dielektrizitätskon- 
stante und die Viskosität des Elektrolyten, AP der Druckabfall über der 
Kapillare und ¢ das Doppelschicht-Potential (Zeta-Potential). Uber das Zeta- 
Potential in Gesteinen ist sehr wenig bekannt, so daß die Formel für 
praktische Belange kaum nützlich ist. Im allgemeinen wird angenommen, 
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‚ daß sich in Fließrichtung ein positives Potential aufbaut (z. B. AHMAD 1964; 
SCHUCH & WANnKE, 1968; TeLrorp et al. 1976), obgleich Dakunov (1962) 
darauf hingewiesen hat, daß das Zeta-Potential positives und negatives 
ı Vorzeichen annehmen kann. Nach einer pers. Mitteilung von ScHoPrER & 
| Pape (1983) hängt in einem reinen Ca - CO, - H,O - System das 
Vorzeichen der Oberflächenladung vom pH-Wert der flüssigen Phase ab. Bei 
pH = 7 soll die Oberflächenladung - wie bei silikatischen Gesteinen - 
| negativ sein, mit abnehmendem pH-Wert dem Betrag nach ebenfalls 
abnehmen und dann das Vorzeichen wechseln. Wird das System erweitert, so 
| ist mit komplexen Adsorptionsprozessen zu rechnen, auf die die Oberflä- 
chenladung empfindlich reagieren kann. Nach experimentellen Untersu- 
chungen von Bocosrovsky & Ocırvy (1972) ist auch in silikatischen 
Gesteinen eine - druckabhängige - Vorzeichenumkehr des Strömungspoten- 
tials zu erwarten, wenn es - so die Autoren - zu einer Wechselwirkung 
zwischen Tonpartikeln und den Ionen der flüssigen Phase kommt. 
Erwähnt werden müssen schließlich vegetationsbedingte Potentiale. 
Obgleich in der Literatur auf ihre Existenz verwiesen wird (TeLrorp et al. 
1976), sind systematische Untersuchungen unseres Wissens nicht bekannt 
ı geworden. Vermutlich handelt es sich nicht um eine besondere Art von 
Potentialen, sondern um elektrochemische und elektrokinetische Potentiale, 
die durch biologische Prozesse im Kontaktbereich Boden/Pflanzenwurzel 
erzeugt werden. Auch auf sie wird nachfolgend näher eingegangen. 


3. Die Geländeuntersuchungen 
3.1. Meßgebiete 


Die Untersuchungen zum SP-Verhalten wurden in den Formationen 
Buntsandstein, Muschelkalk und Keuper der Germanischen Trias N-Bayerns 
durchgeführt. Der Schwerpunkt der Messungen lag im Mittleren 
| Buntsandstein (sm) auf den Blättern 6023 Lohr und 6123 Marktheidenfeld 
der TK 1:25000. Dort ist im Hafenlohrtal (Vorspessart) ein mächtiger 
Schichtumfang, der im bis zu 200 m tiefen Taleinschnitt ausstreicht, den 
Messungen zugänglich. Zahlreiche Erkundungsbohrungen geben ein recht 
genaues Bild der faziellen Verhältnisse im Mittleren Buntsandstein 
(SCHWARZMEIER 1979, 1980). 

Einige SP-Profile setzen sich in die liegende Salmünster-Folge des 
Unteren Buntsandstein (Tonlagen-Sandstein, suSt, und Basis-Sandstein, suSB) 
fort. Ferner liegen Messungen aus dem Ubergangsbereich Mittlerer 
Buntsandstein - Oberer Buntsandstein vor. 

Untersucht wurde der Übergang Obere Röttonsteine (so4T) - Unterer 
Muschelkalk (mu, Wellenkalk), der Übergang vom Unteren zum Mittleren 
Muschelkalk und - detaillierter - das Verhalten des SP im mu selbst. Die 
Profile im mu liegen im Bereich des Kartenblattes 6124 Remlingen, das als 
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geologische Karte des Bayer. Geol. Landesamtes vorliegt (SCHWARZMEIER 
1978). | 

Schließlich wurden SP-Messungen im Mittleren Keuper (km) des Steiger- 
waldes auf den Blättern 6129 Burgwindheim und 6128 Ebrach durchgeführt. 
Die Messungen überstreichen den stratigraphischen Bereich von den 
Lehrbergschichten (kml) bis zum Unteren Burgsandstein (kmBu). Im Bereich 
der Messungen auf Blatt Burgwindheim liegt eine geologische Kartierung 
von Stamatis (1981) vor. 


3.2. Durchführung der Messungen 


Die SP-Messungen wurden überwiegend auf Profilstrecken im Hangfallen 
durchgeführt. Der Meßpunktabstand betrug 1 m, was bei einer durchschnitt- 
lichen Hangneigung von 17° einer Höhendifferenz von etwa 0,3 m 
entspricht. Auf den bis zu 550 m langen Profilen wurde an den Meßpunkten 
das Eigenpotential an der Erdoberfläche und in flachen, mit dem Bohrstock 
geschlagenen Bohrlöchern (0,3-0,6 m tief) gemessen. Die meisten Profile 
wurden im reinen Buchenwald gelegt, um beim Vergleich der Meßergebnisse 
unterschiedliche Vegetationseinflüsse auszuschalten. Auf der anderen Seite 
wurden Profile gelegt, um gerade den Einfluß unterschiedlichen Bewuchses 
(Laubwald, Mischwald, Nadelwald, offenes Gelände) bei gleicher Lithologie 
aufzuzeigen. 

Die Messungen wurden bei fester Basis mit selbstgefertigten, unpolari- 
sierbaren Sonden durchgeführt. Es handelt sich um Sonden mit einem Cu- 
CuSO,-System unter Verwendung von Mikro-Glasfilternutschen sehr 
geringer Permeabilität als Membran. Bei Laborversuchen wurde während 
zehnstündiger Messungen eine maximale Drift von 1 mV registriert. Die 
Übergangswiderstände liegen bei feuchtem Boden in der Größenordnung 
von 10 kOhm, bei extrem trockenem Boden bei einigen 100 kOhm, was bei 
einem Eingangswiderstand des verwendeten Millivoltmeters von 10 MOhm 
tragbar ist. Wiederholungsmessungen auf einem Profil im Abstand weniger 
Stunden ergaben eine gute Reproduzierbarkeit der gemessenen Eigenpoten- 
tiale. Elektrodeneffekte, d. h. das Auftreten von Spannungen im Mefkreis 
durch unterschiedliche pH-Werte des Bodens an den Erdungsstellen, werden 
für das Meßgebiet als gering erachtet (ERNSTSON & SCHERER 1986). 


4. Komponenten des Eigenpotentials 


Die Untersuchungen haben gezeigt, daß das Eigenpotential i. a. aus 
Komponenten unterschiedlicher Wellenlänge besteht, wie es das Beispiel der 
Abb. 1 für ein Hangprofil im Mittleren Buntsandstein erkennen läßt. In 
dieser Abbildung, sowie auch in entsprechenden folgenden, sind die 
Meiswerte in ein Vertikalprofil projiziert, um - vor allem im Hinblick auf die 
später zu besprechenden Korrelationen von SP-Profilen - unterschiedliche 
Hangneigungen zu berücksichtigen. Der Maßstab der Abb. 1 ist also ein 
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_ Abb. 1. Originale SP-Meßkurve auf einer Profilstrecke (A) als Summe von topogra- 

phischem Effekt (B), SP-Kurve (C) und background SP (D). Der topographische Effekt 

ist in Form einer Regressionsgeraden dargestellt. 

Fig. 1. Decomposition of the SP field record. A: original data, B: a regression line corre- 

_ sponding to the topographic effect, C: after filtering with a moving average with 

weighted means over 15 successive samples (SP curve), D: background SP. Data are 
projected to the vertical. 


_ Höhenmaßstab, und das SP-Profil mag analog dem SP-Log einer Bohrung 
betrachtet werden. 

| Wie Abb. 1 zeigt, besteht die SP-Registrierung aus einem langwelligen 
Anteil, der von kurzwelligen Schwankungen überlagert ist. Als eine dritte 
' Komponente ist ein annähernd linearer Trend in den SP-Werten zu 
| erkennen. Dieser sogenannte topographische Effekt wird bei SCHERER (1983) 
sowie ERNSTSON & SCHERER (1986) ausführlich diskutiert. 

Der kurzwellige Anteil des SP wird im Folgenden als das background SP 
(BSP), der langwellige Anteil als die SP-Kurve (SPK) bezeichnet. Beide 
Komponenten sind unterschiedlichen Quellen zuzuordnen; sie zeigen unter- 
schiedliche Beziehungen zur Lithologie des Untergrundes sowie abwei- 
chendes Verhalten an der Oberfläche und in den flachen Bohrlöchern, was 
nachfolgend diskutiert werden soll. 

Eine eindeutige Trennung der Komponenten ist wegen des Potential- 
Charakters des gemessenen Feldes nicht möglich. Näherungsweise und nicht 
frei von Willkür geschieht die Abtrennung des BSP durch eine Filterung 
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unter Anwendung eines gleitenden, gewichteten Mittels über 15 aufeinander- — 


folgende Meßwerte (Abb. 1). 

Die Versuche zur Messung des SP in den flachen Bohrlöchern gingen von 
der Vorstellung aus, Meßwerte zu erhalten, die von Oberflächeneinflüssen 
weniger geprägt sind. Als wesentliches Ergebnis jedoch zeigte sich die 
Existenz eines merklichen Vertikalgradienten des Eigenpotentials, der 
örtlichen und zeitlichen Schwankungen mit Werten bis zu 100 mV/m bzw. 
50 mV/m unterliegt. Die zeitlichen Variationen sind wegen der engen Korre- 
lation zur potentiellen Evapotranspiration im Mefgebiet (SCHERER 1983; 
ERNSTSON & SCHERER 1986) dabei von besonderem Interesse. 


5. Das background SP (BSP) 


Die Wellenlängen für das BSP liegen im Dezimeter- bis Meterbereich. Die 
sehr kleinen Weilenlangen wurden durch Spezialmessungen mit kleinen 
Punktabstanden nachgewiesen. 

Die Amplituden können Werte~von über 100 mV erreichen; relativ 
negative Spannungsspitzen dominieren. Messungen an der Oberfläche und 
in den flachen Bohrlöchern zeigen, daß über silikatischen Gesteinen 
(Buntsandstein, Keuper) die mittleren Amplituden in der Tiefe um etwa den 
Faktor 1,5 größer sind als an der Oberfläche; dieser Unterschied ist auf den 
Muschelkalkprofilen nicht festzustellen (s. 5.2. und Tab. 1). 


5.1. BSP und Vegetation 


Die Amplituden des BSP sind auffallend vegetationsabhängig. Sie 
erreichen größte Werte in reinen Buchenwäldern, sind abgeschwächt in 
Mischwäldern, weiter reduziert in Nadelwäldern und zeigen geringste 
Beträge über offenem Gelände. Die Ursachen sind noch weitgehend unklar. 
Es ist aber zu vermuten, daß dieser Befund im Zusammenhang mit der 
Beobachtung zu sehen ist, daß die Wurzeln von Bäumen starke negative 
Potentiale aufweisen. Dabei scheint dieselbe Systematik wie beim BSP 
gegeben zu sein. In einer Spezialuntersuchung wurden an Buchen Potentiale 
zwischen -120 und -150 mV, an Eichen und Birken zwischen -80 und -100 
mV und an Fichten um -50 mV gemessen. Daß das BSP auf direkte Wurzel- 
berührung mit der Meßsonde zurückzuführen ist, kann aus folgenden 
Gründen ausgeschlossen werden: 

Die Amplituden des BSP sind lithologieabhängig (s. unten), nicht aber 
die „Wurzelpotentiale“ Das BSP zeigt negative und positive Spannungs- 
spitzen, das „Wurzelpotential“ ist grundsätzlich negativ. Die Amplituden des 
BSP sind zeitlich stark veränderlich, die der „Wurzelpotentiale* über Monate 
konstant. 

Eine Modellvorstellung sieht im BSP das Fernfeld der „Wurzelpotentiale“, 
das den Einflüssen verschiedener Parameter unterliegt. Damit ist aber die 
Ursache der „Wurzelpotentiale“ noch nicht erklärt. FiscHER & SCHALLER 
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(1980) registrierten bei Laborversuchen mit Pflanzen Potentiale von 
| mehreren 100 mV in der durchwurzelten Zone, wobei als Ursache Wasserauf- 
nahme und physikalisch-chemische Vorgänge im Kontaktbereich Wurzel/ 
Boden angenommen werden. Diese Vorstellung auf die „Wurzelpotentiale“ 
|übertragen bringt die Schwierigkeit, ihre ausgeprägte zeitliche Konstanz 
plausibel zu machen. 

Wenig wahrscheinlich erscheint die Annahme, daß die Wurzeln als 
elektrische Leiter ein relativ negatives Potential aus größerer Tiefe an die 
Erdoberfläche projizieren. Zwar besteht ein oberflächennah nachgewiesener 
Vertikalgradient des SP (ScHERER 1983; s. auch oben), jedoch mit 
umgekehrtem Vorzeichen. Sollte sich die Polarität in der Tiefe ändern, bliebe 
wiederum das Problem des konstanten „Wurzelpotentials“, da die Kompo- 


| nenten des SP einschließlich des Vertikalgradienten beträchtlichen zeitlichen 
Schwankungen unterliegen. Das gilt insbesondere auch für die mittleren 


Amplituden des BSP, für die eine direkte Korrelation zur Bodentemperatur 
besteht (SCHERER 1983; ERNSTSON & SCHERER 1986). Das wird wiederum als 
ein Beleg für die Vegetationsbezogenheit des BSP gewertet, da alle biolo- 
gischen Prozesse stark temperaturabhängig ablaufen. 

Wenn auch das Verständnis des BSP vermutlich letztlich auf die Lösung 
eines botanischen Problems hinausläuft, so ist für den Geophysiker und 
Geologen, der SP-Messungen durchführt, die Existenz des BSP ein beach- 


| tenswerter Faktor, wie die folgenden Ausführungen zeigen. 


| 5.2. BSP und Lithologie 


Die auffälligste Lithologieabhängigkeit des BSP sind - bei gleicher 


Vegetation und zur gleichen Zeit gemessen - die stark unterschiedlichen 
_ Amplituden über den silikatischen Gesteinen des Buntsandstein und Keuper 
_ auf der einen Seite und über dem karbonatischen Wellenkalk (mu). Um ein 


Maß für die mittleren Amplituden auf einem Profil zu erhalten, wurde 
folgendermaßen verfahren: Innerhalb aufeinanderfolgender Intervalle von 


| jeweils 10 Meßpunkten wurde die maximale Potentialdifferenz bestimmt 


und aus diesen Werten das arithmetische Mittel gebildet, das die mittlere 


Amplitude des BSP für ein Profil und für einen Meftag charakterisiert. 


14tägliche Wiederholungsmessungen auf festen Profilstrecken von 100-200 
m Länge in einem Zeitraum von sieben Monaten (April-Oktober 1981) 
ergaben - wiederum gemittelt - die Werte der Tabelle 1. 

Da die Vegetation bei allen drei Profilen einheitlich ist (Buchenwald), 
sind die Unterschiede mittelbar oder unmittelbar auf das anstehende Gestein 
zurückzuführen. Die etwas geringeren Werte im Keuper, verglichen mit 


denen des Buntsandstein, sind vermutlich auf den höheren Anteil toniger 


Schichten (Lettenlagen) zurückzuführen. Das entspricht den Beobachtungen, 


daß über Tonsteinen die Amplituden des BSP i. a. zurückgehen. Quantitativ 
wurde das für ein Profil gezeigt, das den Oberen Buntsandstein quert. So 
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wurde für den Plattensandstein eine mittlere Amplitude von 18 mV, für die 
hangenden Röttonsteine ein Wert von nur 10 mV ermittelt (Messung an der ® 
Oberfläche; Vegetation: Eichenwald). 

Es entsteht die Frage nach dem ursächlichen Zusammenhang zwischen 
BSP und Lithologie. Ist das BSP ein vegetationsbedingtes Stromungspo- 
tential, so können differierende Porenelektrolyte aber auch Fließgeschwin- 
digkeiten in unterschiedlichen lithologischen Einheiten als Erklärung für das 


Tabelle 1. Mittlere Amplituden des BSP. 
Table 1. BSP mean amplitudes. 


Mittlerer Buntsandstein Oberfläche 17 mV 
0,3 m Tiefe 24 mV 
0,6 m Tiefe 26 mV 

Mittlerer Keuper Oberfläche 13 mV 
0,4 m Tiefe 19 mV 

Unterer Muschelkalk Oberfläche 5,5 mV 
0,4 m Tiefe 5 


Amplituden-Verhalten dienen. Naheliegend ist die Annahme von litholo- 
gieabhangigen, stark unterschiedlichen Doppelschicht-Potentialen (vgl. dazu 
2.). Unabhangig von der Natur der Quelle fiir das BSP ist auch zu beachten, 
daß die Feldverteilung von Eigenpotentialen durch den lithologieabhängigen 
spezifischen Widerstand bestimmt wird. Denkbar ist, daf alle drei Faktoren 
mit unterschiedlichen Gewichten zusammenwirken. 

Auch wenn die tieferen Zusammenhänge vermutlich sehr komplex und 
keineswegs geklärt sind, ist in der ausgeprägten Faziesabhängigkeit des BSP 
grundsätzlich ein einfaches Hilfsmittel zu sehen, geologische Einheiten mit 
der Eigenpotential-Messung gegeneinander abzugrenzen. Im Kapitel 7. 
werden dafür Beispiele angeführt. 


6. Die SP-Kurve (SPK) 


Die Wellenlängen für das langperiodische Eigenpotential der SP-Kurve 
liegen im Bereich mehrerer Meter bis Dekameter. Die Amplituden 
schwanken zwischen einigen Millivolt und einigen zehn Millivolt; im 
Muschelkalk überschreiten sie kaum 5 mV. Messungen an der Oberfläche 
und in den flachen Bohrlöchern zeigen i. a. eine Zunahme der Amplituden 
mit der Tiefe. Das und die z. T. großen Wellenlängen lassen vermuten, daß 
die Quellen für das langperiodische Eigenpotential nicht unmittelbar 
oberflächennah zu suchen sind. Vergleichsmessungen mit anderen geophysi- 
kalischen Verfahren machen deutlich, daß diese SP-Komponente maßgeblich 
durch die Lithologie des Untergrundes bestimmt wird. 


Lithologie-Abhängigkeit geoelektrischer Eigenpotentiale Sl 


ee: GAMMA Sp 
L 4 er. CM 600 Ohmm 50 ; 150 ces a 10 mV 2s 


ER 
2 


-20m 


Abb. 2. Korrelation zwischen Eigenpotential und scheinbarem spezifischem 
Widerstand auf einem Profil im Mittleren Buntsandstein (links) und zwischen Eigenpo- 
tential und natürlicher Gamma-Strahlung auf einem Profil im Mittleren Keuper 
(rechts). Gamma-Daten aus Stamatis (1981). 

Fig. 2. Correlation between self-potential and other geophysical quantities. Left: SP and 
| apparent resistivity on a Middle Buntsandstein profile. Resistivity profiling used 
Halfschlumberger array and an A-MN = 10 m spacing. Note the close correlation 
_ between SP and p,. Right: SP and natural gamma radiation on a Middle Keuper profile. 
Relatively positive SP correlates with increased counting rate. - Data are projected to 
‚the vertical; 50 m and 20 m bars correspond to altitude. This applies also to the 
following figures. 


6.1. SP-Kurve und spezifischer Widerstand 


Eine gute Korrelation der SPK ist i. a. mit den Ergebnissen von geoelek- 
| trischen Widerstandsmessungen zu erzielen. Abb. 2 zeigt die Gegeniiber- 
stellung von SP-Messungen und Messungen des scheinbaren spezifischen 
| Widerstandes auf einem Hangprofil, das im Felssandstein beginnt und den 
Mittleren Buntsandstein „durchteuft“. Die Widerstandsmessungen wurden 
mit einer Halb-Schlumberger-Anordnung und einer Elektroden-Geometrie 
A - MN = 10 m durchgeführt. Eine Korrelation ist oft bis in Einzelheiten zu 
erkennen. Es muß jedoch angemerkt werden, daß andere Meßbeispiele 
weniger überzeugende Ergebnisse liefern können. Darauf wird später einge- 


gangen. 
Die Korrelation besagt, daß Bereiche mit hohen scheinbaren spezifischen 


Widerständen durch relativ negative Potentiale gekennzeichnet sind. Ordnet 
man pauschal hohe Widerstände sandigen, niedrige Werte hingegen mehr 
tonigen Faziesbereichen zu (was im sm vermutlich korrekt ist), so ist eine 
entsprechende Fazies-Beziehung zu relativ negativen und positiven 
Abschnitten der SPK gegeben. Das entspricht den Verhältnissen, wie sie im 
allgemeinen beim SP-Log in Bohrungen angetroffen werden. 
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6.2. SP-Kurve und natürliche Gamma-Strahlung 


Eine Korrelation in groben Zügen besteht auch zwischen dem Verlauf der 
SPK und der Registrierung der natürlichen Gamma-Strahlung auf einem 
Profil im Mittleren Keuper (Abb. 2). Höhere Zählraten, die erfahrungsgemäß 
tonigen Faziesbereichen mit erhöhten Kalium40-Gehalten zugeordnet 
werden können, sind mit relativ positiven Potentialen zu parallelisieren. Der 
deutliche Abfall in der Intensität der Gamma-Strahlung und der korrespon- 
dierende Trend der SP-Kurve zu negativen Potentialen markieren die Grenze 
zwischen dem Blasensandstein und dem hangenden Coburger Sandstein. 


6.3. SP-Kurve und Bodentemperatur 


Eine auffällige Beziehung ist zwischen dem langperiodischen Eigenpo- 
tential und der Bodentemperatur gegeben. Abb. 3 zeigt das für ein 
Hangprofil im Buntsandstein und für zwei verschiedene Meßtage. Die 
Bodentemperatur wurde mit Widerstandsthermometern in 0,3 m Tiefe und 
im Abstand von 3 m gemessen. Trotz einheitlicher Bodenbeschaffenheit und 
Vegetation sind auf dem Profil starke Temperaturunterschiede bis zu 2° C zu 
beobachten, die mit dem Eigenpotential korrelieren. Im April korrespon- 
dieren Bereiche relativ negativer Potentiale mit kälteren, im Oktober 
hingegen mit wärmeren Abschnitten der Temperaturkurve. Das schließt eine 
unmittelbare Steuerung der Eigenpotentiale durch die Temperatur aus. Die 
Korrelation mit den nahezu spiegelbildlichen Temperaturkurven ist im 
Zusammenhang mit Abb. 4 zu deuten. Dort sind vier weitere Temperatur- 
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Abb. 3. Korrelation zwischen Eigenpotential und Bodentemperatur auf einem 
Buntsandstein-Profil. Negatives Potential korreliert mit geringer Temperatur im 
Frühjahr und mit erhöhter Temperatur im Herbst. 

Fig. 3. SP and soil temperature (0.3 m depth) on a Buntsandstein profile: relatively 


negative potential correlates with reduced soil temperature in the spring and with 
increased soil temperature in the fall. 
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ikurven aus einer Meßreihe dargestellt, die sich über einen Zeitraum von acht 
Monaten mit 14taglichen Wiederholungsmessungen erstreckte. Die zeitliche 
Veränderung wird als Folge einer Aufheizphase im Frühjahr und einer 
‚Abkühlphase im Herbst interpretiert. Relativ kühle Abschnitte in der 
‚Aufheizphase treten nach einer Phase mit stark ausgeglichenen Tempera- 
turen im Spätsommer (10. 9. 81) bei der herbstlichen Abkühlung etwa 
spiegelbildlich als relativ warme Bereiche in Erscheinung. 

Vergleichbare Phänomene als das Ergebnis von Bodentemperatur- 
‚Messungen über flachliegenden Aquiferen werden von KAPPELMEYER & 
Haener (1974, S. 160) zitiert. Als Erklärung diskutieren sie eine reduzierte 
Temperaturleitfahigkeit sowie konvektiven Wärmetransport im Bereich des 
Aquifers. Überträgt man die Deutung auf das Buntsandstein-Profil, so sind 
\ Abschnitte negativen Eigenpotentials als Zonen vorherrschend sandiger 
| Fazies zu interpretieren, die als Art schwebende Grundwasser-Stockwerke mit 
verzögerter Erwärmung bzw. Abkühlung reagieren. 


16.4. Deutung der SP-Kurve 


Es bleibt die Frage nach der Entstehung der langwelligen SP-Komponente 
und den Ursachen ihrer Lithologie-Abhangigkeit. Sie wurde über die 


9.4 1. 12.8 10.9. 7.10. 22.10.81 


Bodentemperatur (0.3m) - Buntsandstein- Profil 


| 
| Abb. 4. Veranderung der Bodentemperatur auf dem Buntsandstein-Profil der Abb. 3 im 
Verlauf eines halben Jahres. Man beachte die Abnahme der Amplituden bis zu einem 
relativ ausgeglichenen Temperaturverlauf im Spätsommer und die Entwicklung des 
spiegelbildlichen Temperaturverlaufs im Herbst. 

Fig. 4. Soil-temperature changes between April, 4th, and October, 22nd, on the 
| Buntsandstein profile from Fig. 3. Development of mirror symmetry by passing 
smooth temperatures in late summer is assumed to result from a heating and cooling 
phase in, respectively, spring and fall due to different thermal diffusivity and 
convection processes in layers of different water content. 
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Beziehung des SP zu anderen physikalischen Parametern aufgezeigt und ist 
bemerkenswert vor dem Hintergrund, daß oberflächennahe SP-Messungen 
und das SP-Log in Bohrungen offenbar vergleichbare Indikationen 
aufweisen. 

Im Bohrloch sind die Verhältnisse überschaubar und auch weitgehend 
geklärt. Die gemessenen Potentiale sind überwiegend elektrochemische 
Potentiale, deren Größe im wesentlichen durch den Konzentrations- 
unterschied zwischen Spülung und Schichtwasser und den Tongehalt des 
Gesteins bestimmt wird. 

Am Beispiel des Mittleren Buntsandstein mit Amplituden des langperio- 
dischen Eigenpotentials bis zu 50 mV ist zu zeigen, daß bei den oberflächen- 
nahen Messungen elektrochemische Potentiale vermutlich nur eine sehr 
untergeordnete Rolle spielen. Da auch in den tonsteinreicheren Partien der 
Wechselfolgen der Tonsteinanteil nur 5-15 % beträgt (SCHWARZMEIER 1980), 
Sandsteine aber eine vernachlässigbare Membranaktivität aufweisen, dürften 
Membran-Potentiale weitgehend bedeutungslos sein. Diffusions-Potentiale 
erreichen Werte von grob 10 : log (a;/a2) mV (z. B. LEHNERT & ROTHE 1962), 
wobei aj, a, die Aktivitäten der beteiligten Wässer sind. Betrachtet man die 
für die Ausbildung der SP-Kurve in Frage kommenden Elektrolyte, das sehr 
ionenarme Grundwasser und die infiltrierenden Niederschläge, so ist auch 
vom Diffusions-Potential ein annähernd ausreichender Beitrag nicht herzu- 


leiten. Eine allen Belangen gerecht werdende quantitative Abschätzung der | 
elektrochemischen Potentiale muß unterbleiben, aber die beobachteten 


Amplituden sind offenbar weitgehend auf Filtrations-Potentiale zurückzu- 
führen. Das wird durch den Befund erhärtet, daß die SPK z. T. starken 
zeitlichen Schwankungen unterliegt (s. 6.5.), was durch veränderliche 
Strömungsverhältnisse im Untergrund, aber kaum durch Parameter elektro- 
chemischer Potentiale erklärt werden kann. Auch die SP-Bodentemperatur- 
Korrelation kann - in Anlehnung an die Modellvorstellung von KaprreL- 
MEYER & HAENEL (1974) - am besten durch bewegte Wasser erklärt werden. 
Wieweit in anderen stratigraphischen Einheiten des Buntsandstein und 
im Keuper mit deutlich ausscheidbaren Ton- und Sandsteinen Membran- 
Potentiale eine Rolle spielen, ist schwer abzuschätzen. Die auch dort zu 
beobachtenden systematischen zeitlichen Änderungen lassen jedoch 
vermuten, daß gleichfalls Strömungs-Potentiale dominieren. Ihre Lithologie- 
Bezogenheit ist durch zwei Modellvorstellungen zu erklären: 


- Es existieren unterschiedliche, gesteinsabhängige Quellen für das 


Strömungs-Potential. 
- Die Quellen des elektrischen Feldes sind dieselben; seine Form wird 
jedoch durch die lithologieabhängige Leitfähigkeitsverteilung bestimmt. 
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Es ist ersichtlich, daß sich die beiden Modelle nicht ausschließen müssen. ° 


Als Quellen für das Strömungs-Potential können ganz allgemein bewegte 
Untergrundwässer angesehen werden. Nach Formel (1) bestimmen, wenn 


man den Einfluß der Dielektrizitätskonstante und der Viskosität vermutlich _ 
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pzutreffend als sehr gering ansieht, der spezifische Widerstand des Wassers, 
‘ine Druckgradient und das Doppelschicht-Potential (Zeta-Potential) 
Igoplitude und Polarität des Strömungs-Potentials. Statt des Druckgradienten 
ii les auch die Gesteinspermeabilitat und die Fließgeschwindigkeit 
dbetrachtet werden, wobei naturgemäß die Polarität von der Fließrichtung 
Habhängt. 

Eine Diskussion dieser Parameter muß von der grundsätzlichen Schwie- 
rigkeit ausgehen, daß die gemessenen Eigenpotentiale nur relative Werte 
wiedergeben. Es existiert kein Nullniveau, auf das sie bezogen werden 
|können. Auch das Konzept der Tonbasislinie bei der quantitativen 
Auswertung der elektrochemischen Potentiale in Bohrungen ist nicht 
\übertragbar. Wenn festgestellt wurde, daß i. a. Bereiche sandiger Fazies relativ 
‚negative bzw. solche toniger Fazies relativ positive Potentiale aufweisen, so 
‚läßt sich das im Hinblick auf ursächliche Strömungs-Potentiale und die 
beiden Modellvorstellungen sehr unterschiedlich deuten. Es ist vorstellbar, 
‚daß sich beispielsweise nur im Bereich sandiger Fazies Strömungs-Potentiale 
ausbilden und geeignetes Vorzeichen des Zeta-Potentials und entsprechende 
Fließrichtung diesem Bereich ein negatives Potential aufprägen. Wird 
angenommen, daß - weniger wahrscheinlich - nur im Bereich toniger Fazies 
Strömungs-Potentiale auftreten, so können Vorzeichen des Zeta-Potentials 
‚und/oder Fließrichtung gegebenenfalls diesen Bereich positiv erscheinen 
lassen. Durch die SP-Messungen wäre dieser Fall vom vorhergehenden nicht 
zu unterscheiden. Das gilt vor allem auch für realistischere Fälle: Strömungs- 
Potentiale in allen Faziesbereichen mit unterschiedlichen Fließgeschwindig- 
keiten und/oder entgegengesetzten Fließrichtungen und/oder unterschied- 
lichen Vorzeichen für das Zeta-Potential. Während allgemein angenommen 
wird, daß in reinen Sandsteinen sich ein positives Potential in Fließrichtung 
aufbaut, sind die Verhältnisse in tonhaltigen Gesteinen weitgehend 
ungeklärt. Die bereits erwähnten experimentellen Untersuchungen von 
| Bocosrovsky & Ocırvy (1972) ändern an dieser Feststellung nichts. Auf die 
| Besonderheiten bei karbonatischen Gesteinen wurde bereits verwiesen. Daß 
| eine inhomogene Verteilung der spezifischen Gesteinswiderstände (2. 
| Modell) die Verhältnisse noch komplexer gestalten muß, ist einleuchtend. 
| Es ist zu folgern, daß unsere Messungen hier keinen wesentlichen 
| Fortschritt gebracht haben. Dieser ist vermutlich auch nicht durch weitere 
| Geländeuntersuchungen, sondern nur durch sehr umfangreiche Laborunter- 
| suchungen mit kontrollierbaren Bedingungen zu erzielen. 


4 


L) 
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6.5. Die zeitlichen Veränderungen der SP-Kurve 


In der Einleitung wurde bereits angemerkt, daß die Komponenten des 
Eigenpotentials z. T. beträchtlichen zeitlichen Veränderungen unterliegen. 
Das wurde durch Wiederholungsmessungen auf festen Profilstrecken nachge- 
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wiesen. Abb. 5 zeigt als Beispiel die Aufzeichnungen der SP-Kurve fiir ein if 
Profil im Grenzbereich Unterer - Mittlerer Buntsandstein an vier verschie- 4 
denen Tagen. Es handelt sich um ausgewählte Aufzeichnungen aus einer 1,5 } 
Jahre dauernden Meßreihe mit Wiederholungsmessungen im 14täglichen | 
Abstand. Von einer Reproduzierbarkeit der Messungen kann nicht die Rede | 
sein; die Veränderungen im elektrischen Feld sind bemerkenswert deutlich. | 
Wegen der Schwierigkeit einer quantitativen Behandlung der SPK, was im | 


-10mV + -10mV + -10mV+ 10m + 
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Abb. 5. Zeitliche Veränderungen des Eigenpotentials auf einem Buntsandstein-Profil. 
Fig. 5. Repeated measurements on a Buntsandstein profile show distinct SP variations 
with time. Note the raltively negative potential in the middle part of the profile (left) 
which becomes more positive one year later. 


vorhergehenden Abschnitt diskutiert wurde, sollen einige pauschale, quali- 
tative Befunde mitgeteilt werden. Sie resultieren aus Beobachtungen aus dem 
gesamten Beobachtungszeitraum und aus allen Meßgebieten. Danach ist 
festzustellen, daß der geschilderte Charakter der SPK mit relativ negativen 
(positiven) Potentialen in Bereichen sandiger (toniger) Fazies bei ausrei- 
chendem Wasserangebot aus Niederschlag bzw. Schmelzwasser gegeben ist. 
Nach - verhältnismäßig seltenen - Perioden längerer Trockenheit hingegen 
können über eine Abschwächung der Amplituden gegenläufige Indikationen 
auftreten. Ein solcher Fall ist im mittleren Abschnitt des Profils der Abb. 5 
zu beobachten. Für Anwendungen der SP-Methode, über die im Folgenden 
berichtet wird, sind die zeitlichen Veränderungen ein beachtenswerter 
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arameter. Sie sind auch dafür verantwortlich, daß die früher beschriebene 
nge Korrelation zwischen SPK und anderen physikalischen Parametern 
Wzeitbedingt ist. 


7. Anwendungen 
.1. Korrelationen 


| Die aufgezeigte Fazies-Abhängigkeit geoelektrischer Eigenpotentiale 
eröffnet die Möglichkeit - ähnlich wie beim Bohrloch-SP-Log - mit SP- 
Messungen im Gelände Profile zu korrelieren. Dazu sollen im Folgenden 
Beispiele aus dem Untersuchungsgebiet für die verschiedenen stratigra- 
iphischen Bereiche diskutiert werden. 
Es ist einleuchtend, daß sich der Mittlere Keuper mit der deutlichen 
‚faziellen Gliederung in Sandsteine und eingeschaltete Basis-, Zwischen- und 
Dachletten besonders anbietet. Für die Praxis hat eine Korrelation von 
Meßprofilen hier insofern eine Bedeutung, als schlechte Aufschlußverhält- 
nisse Grenzziehungen beim Kartieren häufig sehr erschweren. 
Abb. 6 zeigt zwei SP-Profile, die im Abstand von etwa 500 m gemessen 
wurden und die vom Top der Lehrbergschichten (kl) bis in den Unteren 


SP SP 
= 20m + = 20m) + 
______} u 0- 
KmBu ‘al 
 Basisletten n 
kmc 
30 
404 
kmbl 
504 
m 
K4 kl 


Abb. 6. SP-Korrelation im Mittleren Keuper. Die Profile sind etwa 500 m voneinander 


entfernt. kl = Lehrbergschichten, kmbl = Blasensandstein, kmc = Coburger Sandstein, 


kmBu = Unterer Burgsandstein. 
Fig. 6. SP correlation of Middle Keuper profiles which are about 500 m apart. Note the 


nearly identical SP pattern in the upper part of the profiles. 
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Burgsandstein (kmBu) verlaufen. Die stratigraphische Grenzziehung orien- 
tiert sich an der Kartierung von Stamatis (1981). Die Korrelation ist muster- ‘ 
gültig; in der oberen Hälfte sind die Profile nahezu deckungsgleich. 

Eine Schichtfolge mit sehr geringer fazieller Differenzierung ist der 
Untere Muschelkalk (mu; Wellenkalk). Daß auch hier eine Korrelation von 
SP-Profilen möglich ist, zeigt Abb. 7. Zur Darstellung ist anzumerken, daß 
das rechte Profil Rem 6 spiegelbildlich gekennzeichnet wurde, was für die 
optische Korrelation von Vorteil ist. Die SP-Amplituden überschreiten kaum 
5 mV, trotzdem ist eine gute Übereinstimmung des SP-Verlaufs auf beiden ‘ 
Profilen, die etwa 1 km voneinander entfernt sind, zu beobachten. 

Ein Beispiel für die SP-Korrelation im Oberen Buntsandstein zeigt Abb. 7 
für die Profile Lo 9 und - gespiegelt dargestellt - Lo 11. Bei diesem Beispiel 
ist nicht so sehr die ausgezeichnete Korrelation im Grenzbereich so2 - so3T 
herauszustellen; die Kartierung der Grenze Plattensandstein - Röttonsteine 
bereitet im allgemeinen keine Schwierigkeiten. Wichtig ist vielmehr, daß sich 
fazielle Differenzierungen im Sandstein und in den Tonen über eine 
Entfernung von rund 5 km - das ist der Abstand der Profile - offensichtlich 
im SP-Bild korrelieren lassen. 


Rem 5 Sm ttsm’— Rem 6 | 
---Spiriferinabank Lo 9 -10mV + +10mV — Lo 11 
mu 3 
5m 
Untere Terebratelbank 
Untere 
mu2 10m Rottonsteine so3l 
Plattensandstein s02 
Oolithbank (2 
mu | 


Abb. 7. SP-Korrelation im Unteren Muschelkalk (links) und im Oberen Buntsandstein 
(rechts). Das jeweils rechte Profil ist aus optischen Gründen spiegelbildlich dargestellt. 
Fig. 7. SP correlation (Note, for reasons of presentation the right graph has in each case 
been mirrored). Left: SP profiles in Lower Muschelkalk which, in contrast to the 
Keuper from Fig. 6, shows rather homogeneous facies. Right: SP correlation of Upper 
Buntsandstein profiles. Note the increasing positive potential when passing over from 
sandstone (so2) to claystone (so3T) and the close correlation within these units 
although the profiles are some 5 km apart. 
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Als letztes Beispiel, das für die Praxis wiederum von größerer Bedeutung 
ıst, werden in Abb. 8 zwei SP-Profile aus dem Mittleren Buntsandstein 
‚einander gegenübergestellt. Die großen Probleme der Grenzziehung im 
‚Mittleren Buntsandstein müssen nicht hervorgehoben werden; die SP-Korre- 
lation, wie sie Abb. 8 aufzeigt, ist als potentielle Hilfe bei der Kartierung 
anzusehen. Ausführlich ist das Problem der SP-Korrelation im Mittleren 
Buntsandstein bei SCHERER (1983) beschrieben. 


7.2. Background SP und Kartierung 


In der Faziesabhängigkeit des background SP (vgl. 5.2.) ist ein einfaches 
Hilfsmittel zu sehen, unterschiedliche geologische Einheiten gegeneinander 
abzugrenzen. Davon kann gegebenenfalls bei der Kartierung Gebrauch 


Abb. 8. SP-Korrelation im Mittleren Buntsandstein und in der oberen Partie des 
Unteren Buntsandsteins (Tonlagensandstein der Salmünster-Folge, suST). Spiegelbild- 
liche Darstellung. Messung im Bohrloch, Werte ungeglättet. smVS = Volpriehausen- 
Geröllsandstein, smVW = Volpriehausen-Wechselfolge, smDS = Detfurth-Geröll- 
sandstein, smDW = Detfurth-Wechselfolge; Grenzziehung nach SCHWARZMEIER (1979). 
Fig. 8. SP correlation of profiles in Middle (sm) and Lower (suST) Buntsandstein. Right 
graph has been mirrored. Original data, shallow-borehole measurements. The profiles 
are some 100 m apart. Stratigraphy according to SCHWARZMEIER (1979). 
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Abb. 9. Background Eigenpotential (BSP) und Lithologie. Links: kurzwelliges Eigenpo- 
tential im Grenzbereich Oberer Buntsandstein - Unterer Muschelkalk. Rechts: Verän- 
derung des kurzwelligen Eigenpotentials beim Übergang vom Unteren zum Mittleren 
Muschelkalk; unten an der stratigraphischen Grenze, oben an einer Störung. Man 
beachte die deutlich reduzierten Amplituden und etwas geringeren Wellenlängen ım 
Mittleren Muschelkalk. Geologisches Profil nach SCHWARZMEIER (1978). 

Fig. 9. Background SP and lithology. Left: Change of BSP pattern at the Buntsandstein 
- Muschelkalk boundary. Right: Different BSP pattern in Lower (mu3) and Middle 
(mm) Muschelkalk; Note the decrease of amplitudes and, to a minor degree, 
wavelengths when passing over from mu3 to mm at the stratigraphic boundary 
(bottom) and at a fault (top). Geological profile after SCHWARZMEIER (1978). 


gemacht werden. Abb. 9 zeigt dazu zwei Beispiele, die keiner weiteren Erläu- 
terung bedürfen. 

Allgemein ist festzuhalten, daß gegenwärtig keine Möglichkeit gesehen 
wird, einer bestimmten Fazies einen bestimmten Typus des BSP zuzuordnen. 
Die Anwendung verlangt empirisches Vorgehen. Das verdeutlicht insbe- 
sondere auch Abb. 10 mit einem besonderen Aspekt der Fazies-SP- 
Beziehung. Dargestellt sind zwei SP-Profile, die parallel in einem Abstand 
von etwa 50 m den Grenzbereich Mittlerer - Oberer Buntsandstein queren. 
Das eine Profil verläuft in einem Laubwald, das andere im angrenzenden 
Nadelwald. Während hier die Amplituden des BSP in der Abfolge 
Felssandstein - Zwischenschichten - Plattensandstein keine merklichen 
Unterschiede zeigen, wird ein signifikanter Rückgang der Amplituden an der 
Hangendgrenze des Felssandsteins im Laubwald beobachtet. Das Beispiel 
belegt erneut den offensichtlich starken Einfluß der Vegetation auf das BSP, 
hier insbesondere auf seine Fazies-Abhängigkeit. 
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Abb. 10. Zusammenwirken von Vegetation und Fazies auf die Ausbildung des kurzwel- 
ligen Eigenpotentials (BSP). Abstand der beiden Profile etwa 50 m. 

Fig. 10. Vegetation and facies controlled background SP at the Middle - Upper 
|Buntsandstein boundary. Note that the decrease of SP amplitudes probably due to 
lincrease in clay content is only observed in deciduous forest (left) and not in 
coniferous forest (right). The profiles run parallel and are some 50 m apart. 


17.3. Weitere Beispiele 


Abb. 11 verdeutlicht, daß auch im flachen Gelände lithologische 
‚Einheiten durch das Eigenpotential charakterisiert und damit gegeneinander 
‚abgegrenzt werden können. Profil Lo 13 (oben), auf einem flachen Hang 
(Untergrund: brachliegender Acker) gemessen, zeigt die signifikante Verän- 
derung des SP im langwelligen Teil. Das BSP ist hier im offenen Gelände 
stark reduziert. Die größeren, relativ positiven Potentialausschläge im Grenz- 
bereich so - mu mögen auf Schichtwasserabfluß über den stauenden 
Röttonen zurückzuführen sein. 

| Das andere Beispiel der Abb. 11 ist nicht dem eigentlichen Meßgebiet 
| entnommen, betrifft gleichwohl das SP-Verhalten in Trias-Sedimenten. Das 
Profil wurde auf Blatt 5935 Marktschorgast (TK 1:25000) gemessen; es 
quert 500 m E Oberlaitsch die Trebgaster Störung, an der Oberer 
Buntsandstein (Oberer Plattensandstein) an Oberen Muschelkalk grenzt. 
Bezeichnend sind die größeren Amplituden der langwelligen SP-Kompo- 
nente im Sandstein verglichen mit denen im Oberen Muschelkalk, der aus 
einer Wechselfolge von Kalkbänken und Ton- bzw. Mergelzwischenlagen 
besteht (EMMERT & WeineLt 1962). Auffällig ist der deutliche Potentialabfall 
an der Störung. Wegen des sehr langwelligen Charakters des SP-Verlaufs 
dürfte die Quelle tiefer liegen, und es ist naheliegend, an Grundwasserbewe- 
gungen im Störungsbereich zu denken, zumal die Trebgaster Störung durch 
mehrere Quellaustritte gekennzeichnet ist. 


42 H. Ulrich Scherer und Kord Ernstson 


Lo 13 
mu 
on so4T (Obere Rottonsteine) 
0 100 ‘ 200m 
= 
se 
EIGENPOTENTIAL 
20 
mV 
0 100 200 300 0 800m 
so2 mo GEOLOGISCHES 
a rs PROFIL 
—J 


Abb. 11. Oben: Veränderung im langwelligen SP an der Buntsandstein - Muschelkalk - 
Grenze. Unten: Unterschiedliche Amplituden des langwelligen SP im Oberen 
Buntsandstein und Oberen Muschelkalk. Der Potentialabfall an der Trebgaster Störung 
wird durch Grundwasserbewegungen im Störungsbereich gedeutet. Geologisches Profil 
nach EMMERT & WEINELT (1962). 

Fig. 11. Top: Change of long-wavelength SP pattern when crossing over from 
Buntsandstein (so4T) to Muschelkalk (mu); open ground. The distinct positive 
anomalies at the boundary may result from groundwater outlet. Bottom: Change of 
longe-wavelength SP pattern when crossing over from Upper Buntsandstein (so2) to 
Upper Muschelkalk (mo) at a fault. Potential drop at the fault is assumed to result from 
fault-related groundwater movements. Geology according to EMMERT & WEINELT (1962). 


8. Schlußfolgerung 


Auf Grund der vorliegenden Untersuchungen sind zwei Aspekte heraus- 
zustellen. Der erste Aspekt betrifft Ergebnisse über das komplexe Verhalten 
der Eigenpotentiale im oberflächennahen Bereich. Auch wenn wir von 
eınem vollen Verständnis der Prozesse noch sehr weit entfernt sind und die 
Befunde nur mit Vorbehalt auf andere stratigraphische, lithologische und 
klimatische Gegebenheiten übertragen werden dürfen, so hat sich herauskri- 
stallisiert, daß die elektrokinetischen Potentiale der dominierende Faktor 
sind. Sie werden von Vegetation, Bodenbeschaffenheit und Gesteinsaus- 
bildung sowie meteorologischen und hydrogeologischen Parametern 
gesteuert. In aller Regel resultiert daraus eine äußerst komplizierte Feldver- 
teilung, die sich darüber hinaus sehr stark mit der Zeit verändern kann. Das 
ist von Bedeutung für alle neueren Anwendungen der SP-Methode, wie sie in 
der Einleitung aufgeführt wurden. Es ist einleuchtend und eine wichtige 
Schlußfolgerung, daß zu sehr vereinfachende Annahmen bei der Auswertung 
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und Interpretation solcher Messungen sehr leicht zu Fehldeutungen führen 


können. Nichtkonventionelle Anwendungen der SP-Methode verlangen ein 


‚gehöriges Maß an Vorsicht. 


Das betrifft auch den zweiten Aspekt der Untersuchungen: die Litho- 
logie-Abhängigkeit der Eigenpotentiale als Basis für eine - unkonventionelle 
- Hilfe bei der geologischen Kartierung. Hier sind die wichtigsten Schlußfol- 
gerungen: Mit der SP-Methode wird - anders als sonst bei geophysikalischen 
Meßveırfahren - die Fazies des Gesteins nicht direkt angesprochen. Die 
Charakterisierung des Gesteins erfolgt nach unseren Vorstellungen indirekt 
durch das sich im Gestein bewegende Wasser. Zwangsläufig ergeben sich 
größere Unsicherheiten, wobei der Zeittaktor eine wichtige Rolle spielt. Auf 


‘der anderen Seite ist die SP-Messung wegen des sehr geringen personellen 
‚und apparativen Aufwandes ein attraktives Verfahren, das ohne schwierige 


mathematische Behandlung der Daten auskommen kann. Von Nachteil ist, 
daß dem Anwender gegenwärtig noch kein Standard-Verfahren an die Hand 
gegeben werden kann; er muß empirisch vorgehen, wobei sich andererseits 
sehr leicht auch bisher nicht erkannte Möglichkeiten ergeben können. Diese 
Aussicht möge zu einer verstärkten Berücksichtigung der SP-Methode 
anregen! 
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| Abstract: Ammonoid septa were adapted to resist hydrostatic loads applied via the 
body chamber (“Prarr model”) and the weak shell wail of certain taxa (“WESTERMANN 
model”). Thus there are at least three independant variables controlling the influence 
of these two functional models on a particular ammonoid septum, namely the habitat 
| depth (hydrostatic pressure), whorl profile (membrane stresses in the shell wall without 
septal support) and the absolute size of the whorl (bending stresses in the shell wall 
‚and fluted septum). 


| Key words: Ammonoids, thin shells, saddles, Jurassic, septa, sutures. 


‚ Zusammenfassung: Ammoniten-Septen waren an die hydrostatische Belastung 
| angepaßt, die über die Wohnkammer (Modell von Prarr) und/oder die Außenschale 
"(Modell von WESTERMAnN) wirkte. Drei Variablen übten hier Einfluß aus: die Habitat- 
Tiefe (hydrostatischer Druck), das Windungsprofil (Membranspannung in der 
| Schalenwand bei bestimmtem Wasserdruck, ohne Septen-Verstrebung) und die absolute 
| Größe der Windung (Krümmungs-Spannungen in Septen und Schalenwand). 


I. Introduction und terminology 


| 
Part 1 of this paper concerns the mechanical principles and functional 


| models, new and old, concerning complexly fluted ammonoid septa. Part 2 
will test the functional aspects of septal evolution, review different 
| hypotheses relating to the function of sutures, and draw some conclusions. 
_ Although it is debatable whether a complex ammonoid suture (ARKELL 
1957b) was a purely mechanical adaptation, there is no reason to suppose 
that ammonoid phragmocones did not function as a fixed volume hydro- 
static apparatus like Recent phragmocones (Denton 1974). This implies that 
they tended to be minimum-weight structures. According to Maxwell’s 
Lemma (Wainwricut et al. 1976: 289) the most efficient design would be 
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composed of either tensile or compressive elements, with bending stresses | 
reduced to a minimum. A single large spherical chamber would resist hydro- ~ 
static pressure in compression and could operate at almost any depth in the 
ocean; but would not serve the hydrodynamic functions of phragmocones. It 
would also be impossible to grow without vertical migration and resorption 
events. A variation in adult implosion depth from 200 m (Placenticeras) to 
1700 m (Lytoceras), is implied by the maximum tensile strength recorded 
from the connecting rings of adult Nautilus (77 MPa, calculated from 
CHAMBERLAIN & Moore 1982) and the structure of cylindrical siphuncles of 
ammonoids (WESTERMANN 1971; 1982). The interpretations presented here 
imply that the suture morphology was adapted to avoid the implosion of the 
phragmocones at these water depths (WESTERMANN, 1956, 1958, 1965, 1975). 


The mechanical properties of nacreous phragmocones had the following appro- 
ximate values: crushing strength = 411 Mpa, tensile strength (Modulus of Rupture) = 
193 MPa, tensile strength of outer prismatic layer of shell wall = 109 MPa, Young’s 
Modulus (E) = 47 GPa, Poisson’s Ratio (v) = 0.31. The tensile strengths are based on 
bending tests on the Nautilus shell wall by Currey (1976 & pers. commun. 1982) and a 
new measurement of 187 MPa for the nacre. The E and v parameters are mutually 
consistent estimates made from studies of Nautilus septa with strain gauges and are still 
uncertain. A measured E value of 47 GPa (Currey 1976) is quite consistent with 
septum strain gauge data when v is 0,3. The maximum-stress theory appears applicable 
to hydrostatic implosion of phragmocones (DEN Hartoc 1949: 77). Specimens are 
housed at McMaster University. 


Four arguments may be raised against these general assumptions. The first 
can be based on the speculation that some growth stages had a last septum 
which was not stressed by hydrostatic pressure. This could occur in a water- 
filled benthic growth stage, as seems likely in the case of embryonic 
Nautilus, or surface dwelling gas-filled plankton. Given a strong shell wall, 
the main (unknown) selection pressure on conservative embryonic goniatitic 
sutures would then have acted before evacuation of water during chamber 
growth. 

Secondly, constructional constraints may explain the occurrence of 
apparently poorly designed, concave-out hemispherical septa in nautiloids 
(WAINWRIGHT et al. 1976: 263; Westermann 1977). It seems unwise to base 
initial interpretations of ammonoids on the constructional models of ARKELL 
1957 a: 243), SEILACHER (1975), WESTERMANN (1975: 247-250) and Bayer 
(1977 a, b). The loss of hydrostatic functions, or the increase of cameral gas 
pressure, would have involved the loss or calcification of their thick “horny 
tube”. Judging from the coleoids, it would also have involved the repla- 
cement of the ancestral lenticular nacreous microstructure by a wide variety 
of flexible fibrous, granular or chitinous materials (Fig. 1). Microstructural 
descriptions of ammonoids and nautiloids (see reviews by BirKELUND 1981 
and Druscuits & DocuzHayeva 1981) show that the ammonoid microstruc- 
tures are nearly identical to those of Nautilus and are an even more conser- 


Function of Complexly Fluted Septa in Ammonoid Shells 49 


Fig. 1. Fractured longitudinal section of the septal neck of a Jurassic Haplophylloceras 
showing aragonite columnar nacre (J2034L, Tithonian of Indonesia, scales 1 pm). 


‘vative character than early sutural morphology. This observation also contra- 
‚dicts the third possible objection to our assumptions; namely that Nautilus 
‚and ammonoid shell material had fundamentally different mechanical 
properties. 

‚ The fourth critique starts from the view of Gournp (1977: 229) that 
ammonitic sutures resulted from an increase in allometry, reflecting an 
unspecified selective advantage in evolving a complex suture. If that 
complexity was a strategy for reducing bending stresses, then the selection 
pressure could have included the addition of unpredictable stresses due to 
accidents, predation, constructional flaws and superimposed internal sutures, 
to the hydrostatic stresses applied to the exposed part of the last whorl. The 
hydrostatic implosion depth of Nautilus is at about 800 m while the 
maximum habitat depth is at 500-600 m (Warn et al. 1984). If randomly 
occurring point stresses were added to the maximum bending stresses 
developed mid-way between the sutural supports of the shell wall, the most 
efficient design for a “safety factor” would not be the same as for higher 
hydrostatic pressure. The reduction of the bending stresses by a well 
designed system of closely spaced sutural suports, provides a more efficient 
“safety factor” than a uniform increase in shell thickness. The resulting trend 
towards sutural complexity would be more important in thin or flat whorls 
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than in stronger whorls, or in deeper water, Nautilus-like phragmocones. 


Since one source of selection pressure is point stresses applied by vertebrate | 
predators (Mares & HANsEN 1984, KAUFFMANN & KESSLING 1960), it 1s | 
possible that the change from goniatitic to ammonitic sutures in ontogeny — 
and phylogeny was not ultimately related to habitat depth or shell wall — | 


geometry. But since this speculation could explain the anomalies of sutural 
evolution, it supports a general hydrostatic model. None of the arguments of 
HENDERSON (1984) can be accepted as evidence against the general paradigm 
employed here, although his critique was neccessary and stimulating. 


2. Potential mechanical functions of sutures 
2.1 The “Pfaff model” 


The general hydrostatic interpretation of phragmocones presented by 
Prarr (1911) assumed that they were adapted to resist hydrostatic pressure 
applied via the body chamber to the last gas chamber. In the “Pfaff model” 


Vv 


Fig. 2. Lateral external view with septal sutures (left, numbered from last) and 
contoured adult septal surface (right, after R. Vıcencıo unpublished) of Nautilus 
showing the position of strain gauges. The two series of 0.8 mm square gauges on the 
lateral lobe (L) are compared with the strain recorded in the ventral series (V) on the 
same shell (Fig. 3). Isolated larger gauges recorded the strain within the septa of another 
specimen, in which a convex hemispherical septal surface was exposed to a hydrostatic 
pressure of 0.6849 MPA. The compressive strain in the axis of the lateral pillar-flute 

(-1:1128 x 10%, 1 on last septum), contrasts with equivalent strains transverse to the 
axis (-2:443 x 10°, d) and in the exposed hemispherical region of the adolescent 
and last septum (-2:31 x 10* at c,+1:30 x 10% at s after SauNDERS & WEHMAN 
1977). Kanıe & Hattori (1983) report equivalent tensile strains (+1-710 x 10%, 

+1:203 x 10%) in the more ventral region of the last septum of other shells. The 
new strain measurements, made immediately after the application of hydrostatic 
pressure in repeated runs at intervals of more than half an hour, avoid problems posed 
by anelastic reductions in recorded strain. Results of the largest gauges on the shell 
wall (SAUNDERS & WEHMANN, 1977) contradict the large strains erroneously reported 


from live Nautilus by KanıE & Hatrori (1983 table 1; gauge projected on our series 
right of L). 
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iL internal septa could have been resorbed without decreasing the 
mplosion depth. It does not explain the generally close spacing of 
ammonitic suture-zones. Evidence that the relatively strong outer shell of 
Nautilus can remain unbroken due to a chain reaction of septum implosion 
A & TakanasHi 1966), is refuted by later implosion experiments such 
Ehose of SAUNDERS & WEHMAN (1977). Our experiments on Nautilus shells 
tonfirmed that the strain in the flattened shell wall overlying the lateral lobe 


VENTER 


LATERAL 


\Fig. 3. Strain variation in the outer layer of the Nautilus shell wall, due to bending 
stresses related to the position of the septal sutures and compressive membrane stresses 
(see Fig. 2 for positions of the three series of strain gauges). These results imply that the 
ventral shell wall is very strong and transmitted little circumferential stress to the 
Weer opherical region of the septa. In contrast, the sutures of the lateral lobe caused 
‘tensile bending stresses over the sutures and compressive bending stresses between the 
‘sutures (indicative of tension internally), that were large enough to risk the failure of 
‘the relatively weak outer shell layer. (Divide units of strain shown here by 1 x 10° to 
obtain the strain e at 0.685 MPa, proportional to pressure). Accurate sections 
obtained by subsequent sectioning in the plane of the EA-06-030TY-120 gauges (and 
strain measurements) show that the strain varies due to the angle of incidence of the 
septal sutures (below), as well as the angle between the gauges and the principle 
compressive strain axis of the shell wall (Fig. 2). Tensile strains are increased by the 
compressive hoop stress resultant in the S-3 to S-4 series, and directly reduced by the 
compressive hoop and axial stress resultant in the S-3 to S-2 series. This will be 


discussed elsewhere. 
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pillar-flute (Fig. 2) is influenced by bending stresses that are large enough to 
fracture the outer shell wall at a depth similar to that of the implosion of the — 
last septum (Fig. 3). 

Prarr (1911: 221) outlined so-called laws of sutural differentiation 
(“Gesetze der Lobendifferenzierung”), which are the source of the view that 
the length of the ammonitic suture should increase as the square of the 
linear dimensions, when suture thickness and hydrostatic pressure are 
constants (WESTERMANN 1971: 20-21). The hydrostatic load or force applied 
normal to the last septum at a particular depth was proportional to the inner 
cross sectional area of the whorl. It is doubtful whether it was more than 1 
MN in the largest or more deep-water ammonoids. Prarr (1911) postulated 
that shear stress was generated along the suture; presumably by the inward 
movement relative to the adapically contracting and circumferentially 
compressed shell wall. This shear stress would not be related to the cross 
sectional area of particular flutes on the septum, and it may be doubted 
whether it was as important as membrane and bending stresses. It is curious 
that efficacious anti-shearing adaptations such as the internal mural ridge 
(Fig. 3) and transverse ornaments of nautiloids, were replaced by a planar 
surface of lobe attachment analogous to lapped joints. But, since the load is 
largely transferred at the ends of lapped joints (Gorpon 1978: 137), there 
was little advantage in increasing suture width. 

The complex nature of the bending and shear discontinuity stresses at the 
suture of pressure vessels (RoARK 1954: 264-267), and size-related increases 
in bending stresses, further complicate the “Prarr model”. According to 
Cowan (1976: 280) the membrane stress in anticlastically curved, “hyper- 
bolic paraboloids” generates internal catenary shear forces aligned at 45° to 
the flute axes. The constant membrane shear stress (SaLvaporı 1971: 283) 
can be estimated from an equation which assumes that the flutes are 
supported by tensile stresses in the shell wall (Sarvaporr 1971: 280). It is 
described as being “deceptively simple” due to the magnitude of additional 
bending stresses generated in highly fluted, ammonoid-like surfaces (Cowan 
1976: 282). It will be noted that both flute amplitude and septum thickness 
strengthen the last septum when the bending stresses are not too large: 


OS Deo TRH Sachs 

where: o = membrane shear stress in MPa 

= hydrostatic pressure in MPa 

= cross-sectional area of septum in m 
septum thickness in m 

= flute amplitude in m 
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2.2 Membrane stresses in the last septum 


The ammonoid septum is a surface of anticlastically curved arcs or 
saddles; termed saddle-flutes to reduce confusion between the engineering 
term saddles and the concave-out transverse arcs of these saddles, termed 
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p5addles in palaeontology. The saddle-flutes developed orthogonal tensile and 

ompressive membrane stresses, in addition to large bending stresses due to 
A Ressure applied via the body chamber. There are also circumferential 
Itompressive and bending stresses, of about half the magnitude applied to 
Jinternal septa. The saddle-flutes of Cretaceous Leymeriella tardefurcata 


| Fig. 4. Reproduction of Plate 11 of Prarr (1911), showing the saddle-flute axes (Rj 
curvature) of the septum of Leymeriella tardefurcata and (1 a, b) the saddle-flutes of 
Crioceras and Dorsetensia (2-3). Plaster replicas of the specimens (lacking the lines 
drawn by Prarr) were studied at McMaster University. 
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(LEYMERIE) and two other Mesozoic ammonoids are illustrated by our repro- 
duction of the original plate 11 of Prarr (1911) as Fig. 4. The lines drawn on jj 
the Leymeriella septum are axes of the marginally bifurcating saddle-flutes jj 
that display their large radius of curvature R; on Fig. 4b. The smaller and 
more variable curvature radius R, is in a plane normal to each of these 
curved axes. The additional lines drawn on the other two septa are the “stress 
lines of the principle and subsidiary vaults” of Prarr and have no signifi- 
cance in the modern interpretation. Their “characteristic points” (c) and the 
implication that the R, is a catenary curve which transferred stress to the 
shell wall, are questionable concepts. 


Since the stresses in saddles cannot be calculated (G. AE. Oravas in 
WESTERMANN 1975: 245; Cowan 1976: 282), it is helpful to discuss 
membrane stresses in synclastically curved figures of revolution (ROARK 
1954: 269), such as the shell wall of an ammonoid, in which the orthogonal 
stresses are entirely compressional or tensional at one point on the surface. 
The preference for saddles in architecture is due to the possibility of 
constructing two saddle designs from straight lines (Cowan 1976: 280). The 
apparent advantages of a synclastic convex-out curvature in ammonoid septa 
designed for the “Prarr model”, were lost due to the greater bending 
moments developed under circumferential pressure and constructional diffi- 
culties. The membrane stresses in a synclastically curved septum are as 
follows (provided that R,/d, is more than 10 and less than infinity): 


Hoop (maximum) stress 0; = P R»/2d, (2-R2/Rj) 
Axial stress 02 = P Ry/2d, 
Where: o = membrane stress in MPa (MN/m?) 
P = hydrostatic pressure in MPa 
d, = septum thickness (like P measured normal to surface) in same 
units as R 
Rı = axial radius of curvature of membrane 
Rz = transverse radius of curvature 


If these equations were applicable to ammonoid saddles they indicate that the 
maximum Ry/R; ratio of 0.5 increased the implosion depth by one and a third relative 
to a cylindrical pillar-flute with the same length and (shell) thickness. The increase in 
axial length and weight due to curvature would neutralize this increase in strength in a 
minimum weight structure. The circular axial curvature (Ry) and average convex-out 
morphology of the ammonoid septa (SWINNERTON & TRUEMAN 1918: 32), is less critical 
than the development of a large tensile hoop stress due to flattening of the transverse 
sections of the saddles. Thus the goniatitic-Z and goniatitic-M sutural types of 
WESTERMANN (1957 a: 241) seem poorly adapted in terms of the “Prarr-model”. 

This view is refuted by a comparison of Goniatites choctawensis SHUMARD (CM 176) 
with a “Phylloceras” plasticum BURKHARDT (J2119) from Cualac in Mexico. At the 19 
mm conch diameter growth stage the siphuncle strength index of the Goniatites was 
slightly greater than an “adult” Nautilus (radius 330 um, thickness 45 um) and the 
circular arcs of the saddle-flutes had a Ry/d, ratio of 18 (1.2 mm/0.07 mm) away from 
the sutural zone where the stress cannot be discussed using the above formula. The 
largest of the internally similar umbilical saddle-flutes in the 90 mm diameter Phyllo- 
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1 
| Fig. 5. Thin sections of Goniatites (CM 176) and Haplophylloceras (J20341) illustrating 
| the sutures seen in transverse sections of the phragmocone. A. Phosphatic connecting 
| ring and adjacent sutures of Goniatites, x 415. B. Same specimen showing mural ridges 
‘behind the septa, x 140. C. Mural ridge supporting the internal edge of foliole in 
Haplophylloceras x 380. The septum (below) slopes towards the adjacent connecting 
ring situated beyond the right margin of the photograph. D. The narrower, more ortho- 
gonal and mural-ridge-free sutures of the adjacent lobule in the same section, x 165 
(also note the relative thickness of the white outer prismatic layer and dark nacreous 
layer, seen in the overlying ventral shell wall). S = septum. See also Fig. 8. 
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ceras had a slightly greater R2/d, ratio of 20 (3.5 mm/0.18 mm). The greater thickness 
of the Haplophylloceras septum (J2034L) compared to a Goniatites septum supporting } 
the same 0.125 mm thickness of shell wall (Fig. 5) is presumably related to bending 
stresses in the longer flutes. The large Pachydiscus septum (Ammonitina) described by 
WESTERMANN (1975: 246) shows a reduction of R2/d, from 20: 1 in the middle of the 
septum to 4: 1 within 1.5 mm of the shell wall. If the Goniatites had a similar habitat 
depth as the above Phylloceras, then the membrane stresses in their last septa were of 
comparable magnitude. 

The gross morphology of sutures is predicted from membrane stress theory. The 
alignment of the flute axial traces normal to the adjacent umbilical shell walls and 
along the shortest distances across the ventral septum, permitted the constant radius Ry 
to attain a minimum value. Ry cannot be greatly increased relative to R; and d, is 
inverse to septal spacing (in radians) in a minimum weight structure. The outward 
expansion of Rz in each umbilical saddle-flute is proportional to the increase in whorl 
circumference per whorl and critical to their strength. The variation in septum 
thickness (d,) in these flutes potentially varied by a factor of two, due to the range in 
the number of septa per whorl. Druscuits & DocuzHarva (1981) showed that 31 
genera of late Jurassic and Cretaceous Ammonitina, Lytoceratina and Phylloceratina 
average 12.8 septa per first whorl (range 10-17) and show a greater variation of septal 
spacing in ontogeny than phylogeny (range 10-22). Goniatites and Lower Jurassic 
Ammonitina contain as few as 5 septa per whorl; but the average is similar to Creta- 
ceous ammonoids (Mier et al. 1957: L16, DocguzHarva 1982). 

Septum thickness could also increase in whorl cross-sections with a small circumfe- 
rence (X) to square-root of area (K) ratio. This ratio decreased and then increased 
through ontogeny; but the effect on d, was only significant between widely different 
whorls, such as orthocones (3.55: 1) or “adult” Dactylioceras (4.09: 1), the typical 
ammonoid ratio, and highly compressed Radstockiceras involutum aequisdellatum 
Ge£czy (7.25: 1). Thus the most involute ammonoids, with the largest number of 
umbilical flutes and the greatest tendency for Rz to enlarge along the flute axis, may 
have also had to reduce d, due to an increase in shell density. 


It is suggested that the morphology of goniatitic septa is consistent with 
the function of resisting hydrostatic pressure applied via the body chamber. 
This “Prarr model” predicts that involute (overlapping) whorls will tend to 
have a larger number of umbilical flutes, and that their number will increase 
both with depth and the rate of increase in whorl circumference per whorl. 


2.3 Buckling of internal septa 


The critical compressive stresses for general Euler buckling (og) and 
marginal local buckling (0,) of the internal ammonoid septa, must have been 
larger than the maximum local compressive stress normally applied to them 
in the “Westermann model” (1975). They are a function of shell stiffness (E, 
WAINWRIGHT et al. 1976: 249-252) and are only one of a number of 
parameters limiting shell strength in compression. 


o, = KEt og = an? E 
R, (L/n)? 


2 
Where E = Young’s Modulus in MPa (4.7 x 10°) 
k = constant often taken as 0.65 
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Rz = minimum curvature radius of flute in m 

= constant of 4) for rigid suture (probably less) 

linear axial length of flute in m 

septum thickness in m, measured parallel to shell wall 

least radius of gyration. It cannot be calculated due to the 
complexity of the ammonitic sutures and their variation along 
L; but approximates to 0.6 Rz for a cylindrical flute. 


N = 
I 


Buckling equations explain the tendency for the “Phylloceras” plasticum 
(2119) to have a flat septum surface aligned within the plane of the hoop 
stress in each whorl. If the flutes were cylindrical elements aligned normal to 
the pressure within this plane (pillar-flutes), they would not have buckled in 
the middle until their crushing strength was exceeded by a factor of 80 (33 
GPa). Saddle-flutes developed bending stresses due to their initial axial 
curvature (BAYER 1977a: 360) and buckled at much lower pressures. The 
measured R,/t ratio of 550 um/40 um obtained from the phylloid suture 
implies that o, was < 1350 MPa. Since septa with a Ry/t ratio of more than 
50 probably failed by elastic instability, it is likely that the rather constant 
average curvature and minimum thickness at sutures (WESTERMANN 1971: 21), 
was due to limitations imposed by local buckling. The minimum width of 
the septum approached the critical ratio of Ry/t in order to increase r in the 
Euler buckling equation; but the tendency for the suture to be uniformly 
distributed over the shell wall decreased r. The flute orientation reduced 
| their “slenderness ratio” by minimising L and seems consistent with the 
| “WESTERMANN model”. 


| 


| 2.4 Bending stresses in the shell wall 


Bending stresses are of equal magnitude and opposite sign at the same 
| distance from a median neutral axis of zero stress situated in the septa and 
| shell wall. The addition of a compressive membrane stress results in a shift in 
| the zero stress layer towards convex margins and a consequent subtraction of 
the compressive membrane stress from the maximum tensile bending stress. 
| Similarly a tensile membrane stress will shift this layer towards the concave 
margin. It is added to the maximum tensile stress at the convex margin. The 
ultimate compressive stress is at least double the ultimate tensile stress in 
Nautilus nacre and four times the ultimate tensile stress in the outer layer of 
the shell wall. It is advantageous to add compressive membrane stresses to 
tensile surfaces produced by the bending of the shell wall over sutures. But 
the addition of the tensile membrane stresses resulting from the concave-out 
curvature of the last septum, to tensile bending stresses generated on their 
internal surface under circumferential compression, will greatly reduce the 
_ septum implosion depth. It is also important to avoid the development of a 
large bending moment at the suture. 
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Prescott in Roark (1954: 203): 
Omax = 0.22 P (e/d,)? 


where omax — maximum bending stress in MPa 
= pressure in MPa 
e = minimum suture spacing along square in m 
dy, = shell wall thickness in m 


This equation implies that e/d, is an insensitive depth index below a depth of 
about 300 m (Fig. 6). If the tensile strength was only 100 MPa, then the variation of 
e/dy, from 12:1 in a 15 mm diameter oppeliid, to 8:1 in a 40 mm diameter oppeliid, 
implies a depth increase from 300 m to 750 m in ontogeny (nearly flat whorls from 
Chile locality 1-200781 GCH). The flanks (Ra< 150 mm) of a 0.2 m diameter (Calli- 
phylloceras (J1828) had no unsupported whorl areas with e more than 5 mm. The shell 
thickness of about 1 mm implies that a tensile bending stress of 100 MPa would have 
occurred at a depth of 2000 m. This is over twice that deduced from the connecting 
ring (WESTERMANN 1971: 26). 
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Fig. 6. Model illustrating the tensile bending stresses generated within a flat sheet, 
supported by a rectangular grid against an external hydrostatic pressure. The appli- 
cation of this model to the illustrated situation involving the largest unsupported 
squares on flat ammonoid whorls, implies that complexity of ammonitic sutures is 
unlikely to be a very sensitive depth index (although it could of course be correlated to 
depth through some other function of these sutures). 
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Real sutures presumably developed larger bending stresses than a rectangular grid 
ind like the grid developed a slightly higher stress over the sutures than between them. 
dut these external tensile stresses were reduced by membrane stress. The suture of an 
10 mm diameter Calliphylloceras (J1826, Hatt & Westermann 1980: 62) had a lateral 
(lensity (Y/S) of 0.71 mm/mm? and a thickness of 115 um (Rz = 100 mm, dy < 0.9 
m). The pressure was concentrated by a factor of 12 within these marginal septal 
upports. The distance e was 2.7 mm in the lateral saddle, and 4.3 mm in the lateral 
Le (Fig. 6). These calculations are consistent with the “WestERMANN model” in which 
he bending stresses in the shell wall were more critical than the circumferential stress 
‚pplied per unit area of suture. 

The buckling failure of an ammonoid shell only required the development of a 
Jensile bending stress of up to 115 MPa in the outer shell wall, due to inadequate 
Itiffnes (E) for a given whorl shape. According to Currey (1977) the brittle nacreous 
‚hell of Pinctada deformed elastically to a stress of about 100 MPa and a strain of 
).002, although it did not break until a stress of over 200 MPa and a combined plastic 
ind elastic strain of 0.011 (stress as Modulus of Rupture in bending tests). The 
:immonoids would have failed at the elastic limit (yield point) at an axial strain of 


<0.003 (Fig. 3). 


‚5 Bending and discontinuity stresses in septa 


The ventral hemispherical part of the last Nautilus septum is analogous to 
ressure vessels, in which the discontinuity stress generated by differences in 
ithe hoop strain of the spherical septa and cylindrical shell wall, does not 
roduce bending stresses at the suture. There are likely to be small bending 
oments on either side of the suture; but they are much smaller than the 
ending stresses generated normal to the hoop stress in sutures with an angle 
of 45° or more in this plane (Frücce 1973: 348-351). These high angles are, 
thowever, required in the lateral lobe of Nautilus, where the flat shell wall 
meeds internal support against circumferential pressure. In this region the 
yorthogonal sutures only occur in the axial region of a cylindrical pillar flute 
sand are aligned within the plane of the shell wall hoop stress (Figs. 2 and 3). 


The discontinuity stress at the Nautilus suture is related to the difference in 
membrane strain between the semi-circular pillar-flute axis with a marginal R2/d, ratio 
of 14: 1 (20: 1 in mid-septum) and the transverse whorl section with a R2/dy ratio of 
i to 100: 1. An 0.9 mm wide orthogonal suture (Fig. 3) showed that the neutral axis of 
the septum is inclined at 20° to the shell wall within 0.5 mm of the suture. This sharply 
|bent concave-out margin of the septum is buttressed by the mural ridge. The tensile 
Jstrain in the outer shell layer peaks over the suture of the median neutral axis and 
| abruptly changes to compression over the mural ridge (Fig. 4). The marginal sutures of 
‘this internal pillar-flute have twice the length of the axial zone and their concave-out 
jsepta are inclined at 30 to 60°, with a suture angle of about 20° at the neutral axis. 

The geometry of the marginal septum (Figs. 5-8) has been given little attention 
during discussions of ammonoid functional morphology, and has been explained by 
constructional processes (WESTERMANN 1975: 248-250). The similar design of sutures 
has been obscured by one spurious (WESTERMANN 1972) and one real case of Creta- 
ceous ammonoids with inverted suture lines (WesTERMANN 1975: 249). The hetero- 
morph Glyptoxoceras does not disprove the proposition that there was a selection 
pressure favouring the design of sutures with a convex-out subcircular arc flanked by 
“tiepoints” (SEILACHER 1975). 
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Convex-out arcs are particularly developed in phylloid sutures evolved indepen- 
dently in adventitiously added saddles of the Permian Cyclolobidae and Perrinitidae | 
(Mixxer et al. 1957: L21); or the Triassic Megaphyllitidae (WıEpmann 1972; VaviLov 
1978) and Jurassic-Cretaceous Phylloceratina (WIEDMANN & KuLLMANN 1981), which 
added pairs of saddles near the umbilicus. If it is safe to generalise from a 34 mm 
diameter Haplophylloceras (J2034L), then it appears that the “tie-points” result from the 
projection of the 135 um thick and tightly curved axial surface (Ra = 0.2 mm) of 
lobules at about 20° to the shell wall; while the rounded folioles display a circular 
curvature (Ra = 0.5 mm) of nearly constant thickness 75 um, projected at 45° until 
close to the inner edge of the suture. The transverse angle of contact varies from more 
than 75° over two thirds of the 70 um thick lateral region of the lobules (Rz > 0.8 
mm) to 45° across the sub-triangular “tie-points”. The outer 45 % of the shell wall (dy) 
consists of a relatively weak prismatic.layer. Since it would have been in tension over 


Fig. 7. Diagram illustrating the likely stresses within a lobule of the last septum of an 
ammonoid, just after the removal of cameral liquid from the final, completed gas 
chamber. The diagram, based on the Haplophylloceras section of Fig. 5, shows the large 
axial radius of curvature of the lobule (Ry), the variable transverse radius (Rp), the 
increase in septum thickness developed to avoid the bending of the lobule axis under 
the circumferential load (P) and the related bending of the neutral axis (NA) of the 
shell wall. The horizontal arrow (P) illustrates the hydrostatic pressure acting directly 
on the surfaces of the lobule (via body chamber) that develops tensile membrane 
Stresses within the transverse arcs with concave-out curvature. 
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jihe sutures the bending moments in the shell wall cannot have been large (Fig. 7). 
ppirula has an entirely prismatic shell wall (Fig. 8 C). 


Due to the anticlastic curvature of ammonoid septa, it is questionable 
whether the discontinuity stresses in the nautiloid hemispherical septa 
>xplain the axial orientation of the low-angle parts of goniatitic sutures, or 
he largely random orientation of lobule axial trends in complex ammonitic 
sutures. Both ammonitic and goniatitic sutures had slightly expanded ortho- 
wonal sutural junctions along the long margins of their lobes and lobules, 
ith a high-angle sutural contact of the median neutral axis (Fig. 5 A, D). In 
contrast, a longitudinal section through a Haplophylloceras foliole shows a 
\Nautilus-like suture complete with mural ridge (Fig. 5C). The low-angle 
junctions of the lobes and lobules (Fig. 8 A-B) increased the curvature and 
area of the convex-out arcs of the last septum. The stresses related to R,/d, 


Fig. 8. Examples of anticlastic curvature. A. Anterior view of the chambers of Haplo- 
phylloceras (J2034, x 6, bar = 1 mm). B. Posterior view of the lobules sectioned on Fig. 
|5C-D (x 21, bar = 1 mm). C. Lateral external view of chambers 5 to 7 of a Spirula 

| (Discovery Sta. 6689) showing a ridge of axial aragonite fibres (R) along the anticlasti- 
cally curved whorl surface (x 64). 
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were compressional and the more dangerous orthogonal tensile hoop stresses 
were reduced by the centrifugal decrease in R,/d,. In addition, the tensile 
membrane stresses in the concave-out transverse arcs of the lobules, were 
reduced by compressional membrane stresses near the suture. The greatly 
reduced Ry/d, ratio of 1.5 in the axial zone of the Haplophylloceras lobules, 
served to reduce bending stresses resulting from the large distance between 
the compressional axis of the flute and the compressional load applied via 
the lobules (Fig. 7). 

The convex-out curvature of saddles and folioles resulted from the need 
to avoid tensile o, and 0, membrane stresses, in a region of the last septum 
developing tensile bending stresses. The compressive 6,7 membrane stress 
helped to reduce tensile bending stresses in the saddles of the last septum; 
but they cannot have been large or the structure would have later collapsed. 
The constructional control of foliole morphology implied by Arkeıı (1957 a: 
243) and later authors cannot be accepted here. The increase in the 
frequency of linear foliole elements in the complex ammonitic sutures of the 
Lytoceratina and Ammonitina, may have resulted from an alternative 
reduction of circumferential stresses; but need not apply a reduction in the 
implosion depth of the last septum. These sutures show a more equal and 
higher density of coverage of the whorl section than phylloid sutures, 
suggesting a reduced r and circumferential load within saddle-flutes. 


Lytoceratina such as Cretaceous Pseudophyllites added an internal convex-out bulge 
to the septum. Their “dorsal tunnel” (septal lobe) has a rather flat termination that is 
supported by the previous bulge at the point of maximum concavity, so as to act as a 
whorl and septum within a whorl. It presumably reduced bending moments and R, in 
the radial flutes of this evolute conch, as adaptations to the “Prarr model”. 


2.6 Statically indeterminate stresses 


The statics of septa implied by the “Prarr model” restricted the 
morphology of goniatitic and ammonitic sutures. In addition the increased 
length of ammonitic sutures reduced the circumferential stress in thin 
marginal septa, adapted to decrease bending stresses resulting from ontoge- 
netic increase in the maximum suture spacing/shell wall thickness ratio. The 
probable redundancy of some sutural supports indicates that these bending 
stresses are statically indeterminate, like a simply supported beam on three 
supports (Den Hartoe 1949: 95). They also become statically indeterminate 
by ascent in the water column, and by the later overgrowth of internal 
sutures. In order to reduce the unwanted force X in redundant suture 
elements (X = 5/8 P e of a beam, Den Hartoe 1949: 94), it was advanta- 
geous for sutures to be analogous to a spring supporting a relatively rigid 
shell wall. Thus if the frilled margin of the septa acted as “springs” then the 
force X is greatly reduced by a small increase in the flexibility (decrease in 
rigidity) of the marginal septal supports (Den Harroc 1949: 96): 
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X = (5/8 P e/1 + (K,/K,) 


where X = redundant upward force in MN 
P = pressure on whorl in MPa 
e = suture spacing along hypothetical beam element of wall in m 
Ky = spring stiffness of wall 
K, = spring stiffness of marginal septal supports 


| Analogies between this situation and the thin saddle-flutes on the ventral 
pmargin of Sepia intracameral walls (Fig. 9) and ammonitic sutures (Fig. 8 A- 
HB), suggest that it was advantageous to introduce flexibility into compres- 
sional support elements of thin shells. Ammonitic sutures and the outer 
Iiprismatic layer may have also served as shock absorbers, for reducing the 


Fig. 9. Ventro-lateral view of a fractured chamber of a juvenile Sepia officinalis Ib, 
| (reared at Naples by A. PACKARD) showing the radial intracameral walls which support 
| the thin planar septa. Dorsal shield seen below. Although the walls are pillar-flutes 
| under a ventrally imposed hydrostatic load, it will be noted that they approach the 
| anticlastically curved and corrugated morphology of an ammonoid septum near the 
ventral side of each chamber (x 40). 
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durability of the thin, prismatic Argonauta shell (Owen 1839), is related to 
the moisture content and other properties of organic components situated 
between the prisms and along a subcentral spherulitic membrane (Fig. 10). 


2.7 Testing hydrostatic interpretations 


One test of these interpretations would be strain measurements on metal 
models of appropriate stiffness and Poisson’s Ratio. An experiment with 
plastic models of nautiloid and goniatite-like fluted septa, employed 
constant differential air pressure to simulate the strain in the internal and last 
septa of phragmocones. The axial strain in the middle of a lobe spanning a 
cylinder with a cross-sectional ratio of 2:1, increased from a moderate tensile 
strain internally to a large compressive bending strain in the last septum. The 
internal tensile strain was approximately equal to the compressive bending 
strain within the model nautiloid septum supporting the same type of 
cylinder. The maximum external compressive strain between the simple 
concave septa and the axial surface of the u-shaped goniatitic lobes had a 
similar magnitude; but the latter displayed more asymmetry culminating in a 
tensile strain of three times the maximum compressive strain. It occurred 
near the unsupported u-shaped “tie-point” and might be reduced at the edges 
of the more flexible, thin septa in the saddles and tapering lobes of real 
ammonoids. 

In addition to Nautilus, the coleoids Spirula, Sepia and Argonauta have 
shells which give an insight into ammonoid shell functions. Spirula is an 
internal, open-planispiral to torticonic phragmocone, adapted to great depth. 
Argonauta is an external planispiral shell, with no septa and very rapidly 
expanding whorls adapted for flexibility (Owen 1839). Sepia has an internal 
shell, with fluted internal walls and thin flat septa, adapted to resist crushing 
pressure. 

The “test” suggested here is to describe the morphology and phylogeny of 
ammonoids using concepts related to their functional morphology. There 
appear to be two alternative mechanical models for the hydrostatic function 


of septal sutures. Each model is divided into several potential hypotheses 
concerning the way in which the suture functioned within the model: 


la) The original “Prarr model” (1911) assumed that the last ammonoid septum was 
supported against hydrostatic pressure by transfer of stress to a strong shell wall (Fig. 4). 
This is unlikely to be true and his precise predictions from the model are therefore of 
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Fig. 10. Ventro-lateral view of the fractured exterior of the ammonoid-like, spherulitic 
calcite shell of Argonauta hians SOLANDER (Discovery Sta. 6689). A. x 11 showing 
ventral “hydrofoils” and ribbing. B. External pustules and subcentral membrane (bar 


scale = 40 um). C. Calcite prisms radiating from sites within the subcentral membrane 
(bar scale = 4 um). 
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questionable value. It is certainly inconsistant with his discussion of membrane stress 
in septa. 


1b) A provisional “Prarr model” is based on the premise that the largest area of 
sutural attachment occurred in the strongest arcs of whorl of the largest and most 
deepwater species. The septa would develop large bending stresses and their strength is 
analogous to a flat sheet on marginal supports. 

1c) The Saunpers & WeHMAN (1977) version of the “Prarr model”, in which 
circumferential compressive stresses applied via the shell wall, combined with tensile 
membrane stresses to break the last septum of Nautilus. This is theoretically impossible 
unless the circumferential stress is translated into bending or shear stresses, as for 
example in Euler buckling. Bayer (1977a) objected to the similar “WESTERMANN 
model” on the grounds that the ammonoid septa were likely to convert small circumfe- 
rential stresses into disasterous bending stresses. In other words their critical 
compressive stress was less than circumferential stresses applied via the shell wall and 
septal sutures. In the “hybrid Prarr model” the fluted morphology of septum evolved 
to locally increase the ridigity of the last septum subjected to unfortunate combina- 
tions of tensile bending and membrane stresses. It would involve a general increase in 
shell wall strength, which reduced circumferential loads applied to particularly weak 
parts of the septum (Fig. 7). The “hybrid Prarr model” is similar to the Raup & 
TAKAHASHI (1966) interpretation of Nautilus septa and is consistent with the 
dominance of membrane stresses in the central regions of ammonoid septa below their 
critical Euler load (og). 


1d) The statically indeterminate “hybrid Prarr model” in which the shell wall 
locally developed tensile membrane stresses and strains, due to outward concavity. 
Thus the supporting shell wall would be locally stretched and locally contracted over 
the suture. Sutural complexity increased to reduce the statically indeterminate stresses 
resulting from local occurrences of tensile circumferential stress in the last septum. The 
ornamentation, umbilical morphology and heteromorphism seen in Mesozoic 
ammonoids can therefore be linked to their increased sutural complexity. But as in all 
“hybrid Prarr models” the strongest and most complex ammonitic sutures would occur 
under the weakest shell wall arcs of the most deep-water species (Fig. 6). This version of 
the “Prarr model” is the closest acceptable approach to the tensile loading model of 
suture proposed by ArKELL (1957 a, 1957b). 


2a) The original “WestERMANN model” (1975) assumed that the support function of 
the last septum in the “hybrid Prarr model” increased until the septa served as internal 
struts for supporting a weak-shelled conch. Thus the crushing depth implied by the 
compressive membrane stresses in the unsupported shell wall should not be signifi- 
cantly greater than the implosion depth of the septum, or the rupture depth of the 
siphuncle (Fig. 2-3). This model was supported by WaınwricHt et al. (1976). 

2b) In the buckling version of the “Westermann model” the crushing depth of the 
shell wall exceeded the equivalent compressive stress required to buckle the unsup- 
ported shell wall. Failure by local tensile bending stress could also result from 
predation by some vertebrates. Uncoiled heteromorphs, multi-whorled evolute conchs 
and streamlined oxycones should therefore have stronger septal supports than involute 
Nautilus. HENDERSON (1984) appears to regard buckling as the only mode of failure in 
compression and attempted to reject this version of the “Westermann model”, by 
analogy with steel cylindrical pressure vessels showing a larger plastic strains. 

2c) In the statically indeterminate “WesTERMANN model” the ammonitic suture 
evolved as a support structure of the septum which efficiently increased safety factors 
during the random application of point stresses during accidents or predation. It aided 
the evolution of intra-specific variations in shell wall morphology and reduced the 
stress developed between the septal supports and the shell wall during upward migra- 
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tions of the type observed in Nautilus by Warp et al. (1984). The experiments of 
CHAMBERLAIN et al. (1983) were conducted in a way that did not realistically simulate 
the effects of this version of the “Westermann model”. The known axial compression 
of the lateral lobe surface and the overlying shell wall (Fig. 3) indicates that the “Prarr 

model” is only valid within the ventral, quasi-hemispherical region of Nautilus. 


Many aspects of these models represent extremely interesting and 
difficult problems of structural mechanics, which may be solved by finite 
element analysis and other techniques becoming available to engineers. 
Work of this kind requires a new type of accurate and descriptive palaeonto- 
logical data, as well as geological estimates of depositional depth. The 
generally complete preservation of the septa and siphuncle in offshore 
‚ ammonoid assemblages is inconsistent with the “provisional “Prarr model”, 
_ the Raup & TaKaHAsHi (1966) version of the “hybrid Prarr model”, and the 
epipelagic habitat suggested by HENDERSON (1984). The strains produced by 
predatory vertebrates provide evidence about the strength and stiffness of 
the shell wall at high strain rates, which gives little support for the buckling 
version of the “WEsTERMANN model”. Thus the simple compressive stress in 
the shell wall at the implosion depth, is the main mechanical criterion 
determing the relative importance of models 1d and 2c. 
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| Abstract: Basal Turonian is indicated by the co-existence of first species of the inoce- 
| ramid genus Mytiloides (M. aff. duplicostatus, M. aff. submytiloides, M. aff. opalensis, M. 
| labiatus) and latest Inoceramus ex gr. pictus in the upper archaeocretacea foraminiferal 
| zone. Mytiloides is subdivided into the /abiatus group (lying on the sediment) and the 

mytiloides group (mud-stickers). M. labiatus develops ecomorphs being smaller and 
| more regularly ornamented with decreasing substrate grain-size in different German 
| facies. 
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| Key words: Section, Cenomanian, Turonian, Regensburg area, Eibrunn Marls, inoce- 
\ ramids, foraminifera, events, ecology, multistratigraphy. 


Zusammenfassung: Die Turon-Basis wird durch das gemeinsame Auftreten von ersten 
| Mytiloides-Arten (M. aff. duplicostatus, M. aff. submytiloides, M. aff. opalensis, M. 
labiatus) und letzten Inoceramus ex gr. pictus in der oberen archaeocretacea Foraminife- 
-renzone charakterisiert. Mytiloides wird in die labiatus-Gruppe (Liegeformen) und 
mytiloides-Gruppe („mud-stickers“) gegliedert. Ökomorphien von M. labiatus im 
| Zusammenhang mit dem Substrat werden kurz beschrieben. 


1. Einleitung 


Die Definition der Cenoman/Turon-Grenze und eine genaue Stratigraphie 
der Übergangsschichten waren und sind Anlaß vieler Kontroversen. 
Ammoniten des basalen Turon sind in Deutschland erst in allerjüngster Zeit 
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aus nur einer Lokalitäit im Braunschweig-Salzgitterer Raum bekannt 
geworden (HırsrecHt, 1986). Von gleichgutem Leitwert für die Basis des 
Turon ist das Einsetzen der Inoceramengattung Mytiloides, die durch ihr 
vergleichsweise häufiges Vorkommen nach der Auffassung vieler Makro- 
fossil-Stratigraphen für die Definition der Cenoman/Turon-Grenze geeignet 
ist (vgl. BirKELUND et al., 1984). 

-Aus Süddeutschland sind seit Dacauz (1936) keine neuen Funde von 
Inoceramen beschrieben worden. Horizontiertes Material, dessen Stellung 
zur Standard-Foraminiferengliederung und anderer stratigraphischer 
Konzepte genau bekannt ist, liegt bislang nicht vor und erlaubt deshalb 
keinen Anschluß an die international gebräuchliche Makrofossilstratigraphie. 

Im Rahmen des Programms Nr. 58 der IUGS „Mid-Cretaceous Events 
(MCE)“ wurde deshalb der Cenoman/Turon-Grenzbereich im Regensburger 
Raum (Eibrunner Mergel) untersucht, wobei erstmals Inoceramen aus dem 
Anstehenden geborgen werden konnten. Die bislang als äußerst fossilarm 
geltenden Eibrunner Mergel lieferten dabei eine Fauna des tiefsten Turon, 
die bemerkenswerte Ähnlichkeiten zu der anderer Lokalitäten aufweist. 
Erstmals konnte in der Tethys die noch unbeschriebene Art Mytiloides aff. 
duplicostatus (ANDERSON) nachgewiesen werden, die in den U.S.A. 
(KAurrman, Hattın & Power, 1978), SW-England (Ernst, Woop & 
Hilbrecht, 1984) und Nordwestdeutschland (HiLBrREcHT, 1986) in der colora- 
doense-Ammonitenzone des basalen Turon auftritt und dort die früheste 
Miytiloides-Fauna charakterisiert. 


Das bearbeitete Profil liegt am Mühlberg bei Bad Abbach im zentralen 
„Regensburger Golf“ (Fay, FÖRSTER & MEvER, 1982, OscHMANN, 1958). Es 
handelt sich um einen aufgelassenen Steinbruch, der ein vollständiges Profil 
der Eibrunner Mergel erschließt. Alle hier vorgestellten Inoceramen 
stammen aus einem nur 50 cm mächtigen Bereich, der archaeocretacea-Zone 
der Foraminiferengliederung, die den Cenoman/Turon-Grenzbereich 
einschließt. In tieferen und höheren Teilen der Eibrunner Mergel konnten 
bislang keine Inoceramen nachgewiesen werden (Abb. 5). 


2. Inoceramen der Eibrunner Mergel 


I. /noceramus 

Im tiefsten Teil des Vorkommens sind Inoceramen der pictus-Gruppe 
häufig. Gekennzeichnet werden diese Formen durch ein über den gesamten 
Flügel reichendes großes Schloß, Wachstumsachse und Vorderrand sind 
gerade und die Anwachsringe engstandig mit überlappenden Laminae. /. ex. 
gr. pictus (SOWERBY) ist ungleichklappig, d. h. die Ornamentierung der linken 
Klappe ist deutlich gröber und unregelmäßiger, als die der rechten. 

Das vorliegende Material beinhaltet zwei Unterarten. In der tiefsten 
archaeocretacea-Zone (plenus-Bank) sind selten kleine, nur 4-5 cm lange 
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ormen vorhanden, deren Erhaltung generell schlecht ist. Die bisweilen 
erkennbare verhältnismäßig gleichmäßige Berippung und langgestreckte 
orm deuten auf J. pictus bohemicus (LEONHARD), jedoch kann eine genaue 
Bestimmung nicht vorgenommen werden (vergl. TRÖGER, 1967). 

Bereits im Unter-Turon (=basale Mytiloides-Zone) kommen bis 10 cm 
ange J. ex gr. pictus vor, bei denen die Länge nur unwesentlich größer als die 
öhe ist. In dem einklappig erhaltenen Material sind zwei verschiedene 
chalentypen zu erkennen. Häufig sind sehr gleichmäßig berippte Formen 
mit schwacher Ornamentierung. Daneben sind Schalen mit kräftiger, 
ergleichweise ungleichmäßiger Ornamentierung seltener. Durch sehr starke 
ompaktion sind alle Schalen völlig flachgequetscht und kaum noch zu 
estimmen, da wichtige Merkmale wie Wölbung und bestimmte geome- 
itrische Beziehungen zerstört wurden. Vermutlich handelt es sich um J. pictus 
pictus (SOWERBY), begründet durch enge Beziehungen zum Holotyp, von 
dem durch freundliche Vermittlung von U. Karran (Gütersloh) und W. J. 
Kennepy (Oxford) Abgüsse zur Verfügung standen. 


Il. Mytiloides 

Die systematische Stellung dieser Gruppe ist umstritten. Während 
manche Autoren in ihr eine Untergattung von /noceramus sehen, setzt sich in 
der Literatur zunehmend die Auffassung durch, eine eigene Gattung aufzu- 
‘stellen. Begründet durch markante Unterschiede beim Schloß, der 
\Wachstumsachse und der Anwachsringe, neigt der Autor zu einer eigenstän- 
(digen generischen Zugehörigkeit. Mytiloides entwickelt sich vermutlich aus 
|Inoceramen der pictus-Gruppe (IRÖGER, 1981). In Populationen aus den 
U.S.A. (Cossan, 1983) und Nordwestdeutschland ist eine Abspaltung im 
|höchsten Cenoman (juddii-Ammonitenzone) zu erkennen. 


Die Gattung besitzt als gemeinsame Merkmale ein sehr kleines Schloß, 
"Wachstumsachse und Vorderrand sind gekrümmt. Anwachsringe sind mehr 
"oder weniger weitständig und Laminae überlappen nicht. Die Gattung wurde 
von Szırz (1934) umfassend bearbeitet. KELLER (1982) untersuchte Material 
I Nordwestdeutschland und lieferte ausführliche Beschreibungen. 
DAHMER, HiLBRECHT & Woop (in Vorb.) konnten in ihren Untersu- 
| chungen sehr großer Mytiloides Populationen bestimmte Artfassungen nicht 
nachvollziehen und weisen auf das Vorhandensein von Okomorphien hin, 
die weitgefaßte Artauffassungen erzwingen. Ernst, Woop & HILBRECHT 
(1984) beschrieben Diskrepanzen der Artenzonierung des Unter-Turon der 
U.S.A. und Nordwestdeutschlands und berichten von faziesabhängigen 
Reichweiten von /noceramus und M. Labiatus, der in den U.S.A. Leitfossil 
des Mittel-Turon ist. HıLgrecHt (1986) zeigte, daß das Aussterben von 7. 
ex gr. pictus diachron geschieht und auch bei dieser Gruppe Arten faziesab- 
| hängig verteilt sind. Im Gegensatz zu den auf dem Art-Niveau bestehenden 
| Schwierigkeiten, hat sich das Einsetzen der Gattung Mytiloides als isochron 
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in Bezug zur Ammonitenstratigraphie erwiesen und ist deshalb zur ° 


Definition der Cenoman/Turon-Grenze hervorragend geeignet. 
Prinzipiell bestehen Mytiloides-Populationen aus zwei verschiedenen 


Gruppen. Hoch gewölbte Formen mit deutlich gekrümmter Wachstumsachse 4 


und gering gekriimmtem Vorderrand (/abiatus-Gruppe) und lange flache 


Exemplare, bei denen erst im Spätstadium eine markant gekrümmte | 


Wachstumsachse zu beobachten ist (mytiloides-Gruppe) bezeichnen 
vermutlich Adaptionen an verschiedene ökologische Nischen. DAHMER, 
HiLBRECHT & Woop (in Vorb.) deuten nach einer funktionsmorphologischen 
Analyse die labiatus-Gruppe als Liegeformen, während die mytiloides-Gruppe 
Merkmale von „mud-stickern“ zeigt. Diese Einteilung kann auch am vorlie- 
genden Material aus den Eibrunner Mergeln nachvollzogen werden. 


Die nachfolgenden Beschreibungen verzichten auf eine genaue Quantifi- 4 


zierung der Schalenmerkmale. Die aus der Erhaltung des Materials 


abschätzbare Kompaktion von ca. 30% bis 100% hat zu starken Deforma- | 
tionen geführt, die quantitative Beziehungen (vergl. Seitz, 1934) z.T. voll- } 


ständig verzerren. Erfahrungsgemäß ist deren Erfassung auch nur bei 


größeren Populationen sinnvoll, die aus den Eibrunner Mergeln noch nicht | 


vorliegen. 


Tabelle 1. Anteil der Mytiloides-Arten an der Gesamtpopulation im basalen Unter- 
Turon der Eibrunner Mergel, Mühlberg bei Bad Abbach. 


Arten sicher unsicher gesamt 
M. labiatus 3 1 4 
M. aff. duplicostatus 4 - 4 
M. aff. submytiloides 2 1 3 
M. aff. opalensis - 2 2 
Dad: 1 

9 4 14 


a) labiatus-Gruppe 

Der von Seıtz (1934) beschriebene /noceramus labiatus v. SCHLOTHEIM var. 
labiata [sic] wird gekennzeichnet durch starke Wölbung und kräftig 
gekrümmte Wachstumsachse (+ 30°). Lange und Höhe der Schale sind im 
Jugendstadium annähernd gleich, während im Alter die Höhe immer noch 
mindestens 65% der Länge ausmacht. Der Flügel ist klein und nur undeutlich 
von der übrigen Schale abgesetzt. Die von Seitz (1934, Abb. 9c) bemerkte 
Ungleichklappigkeit kann an Material aus dem Elbsandsteingebirge und 
Niedersachsen nicht nachvollzogen werden. Bei entsprechend erhaltenen 
Stücken sind beide Klappen gleich und entsprechen dem von Seırz (1934) in 
Abb. 9a abgebildeten Stück. 

Aus den Eibrunner Mergeln konnten am Mühlberg bislang nur kleine, bis 
25 mm lange Stücke gefunden werden. Beispiele sind in Abb. 1 und 2 
gegeben. Die Stücke zeigen alle Merkmale adulter Formen und können 


Die Turon-Basis im Regensburger Raum Ts) 


ie nur schwer als juvenil aufgefaßt werden. M. labiatus aus den 
‚ibrunner Mergeln ähnelt zudem keiner juvenilen Form Nordwestdeutsch- 
nds. Gleichzeitig ist jedoch die Form der Anwachsringe erheblich regel- 
äßiger, als die der von Seitz (1934) beschriebenen Stücke. Unterschiede in 
sröße und Ornamentierung würden normalerweise die Aufstellung einer 
Jheuen Art rechtfertigen, jedoch zeigen Erfahrungen aus dem Elbsandsteinge- 
pirge, Nordwestdeutschland und dem südlichen Münsterland, daß M. 
biatus in Grobsandfazies große, bis ca. 20 cm lange und kräftig berippte 
Formen entwickelt. Mit der Korngröße des Sediments scheinen diese 
erkmale abzunehmen, bis in der feinkörnigen Kalksandsteinfazies des 
jüdlichen Münsterlandes bis ca. 5 cm lange Formen auftreten, die bereits 
deutliche Ähnlichkeiten zum Material aus den Eibrunner Mergeln aufweisen. 
ermutlich sind diese Merkmale Adaptionen an verschiedene Substratstabili- 
äten, von denen diese Liegeformen stark abhängig waren. 

M. labiatus stellt in der vorliegenden Mytiloides-Population (N = 14) 3 
4?) Exemplare (Tab. 1). 


| 


b) mytiloides-Gruppe 

Aus dieser Gruppe sind deutlich drei voneinander verschiedene Formen 
u differenzieren, die hier als M. aff. duplicostatus (ANDERSON), M. aff. 
wubmytiloides Seitz und M. aff. opalensis Böse benannt werden. Die offene 
INamensgebung wird bei der Diskussion der jeweiligen Formen begriindet. 


M. aff. duplicostatus bezeichnet eine Gruppe frühester Mytiloides, die von 
Kaurman et al. (1977, 1978) erstmalig aus dem Western Interior Seaway der 
S.A. bekannt gemacht wurde. Eine eingehende Bearbeitung steht noch 
‘aus, weshalb die offene Namengebung auch hier verwand wird. 
Charakteristisch ist die ovale Form (Höhe etwa 50 % der Länge), eine sehr 
“schwach gekriimmte Wachstumsachse und ein kleiner spitzer Wirbel, der das 
Schloß fast bedeckt. Die Schalen sind nur schwach gewolbt, klein (bis 5 cm 
|lang), gleichklappig (vergl. Abb. 3) und mit einer typischen Ornamentierung 
\versehen. Im Frühstadium der Ontogenese bestehen gewisse Ähnlichkeiten 
"zu M. opalensis, d. h. fast kreisrunde, äquidistante und gleichförmige 
_Anwachsringe sind entwickelt. Die Länge wächst im Spätstadium rascher als 
die Höhe, jedoch wird die langgestreckte Form von M. opalensis nicht 
(erreicht. Beide werden grundsätzlich durch die Art der Anwachslinien unter- 
‘schieden, die bei M. aff. duplicostatus unregelmäßiger aufeinanderfolgen. 
‚Typisch ist eine mehr oder weniger stark entwickelte Doppelrippigkeit im 
"Spätstadium (siehe Abb. 3 und 4), d. h. zwei kräftigere Anwachslinien 


werden vom folgenden Paar getrennt durch einen Bereich schwacher 
Anwachslinien. In Nordwestdeutschland kommen Formen vor, bei denen in 
iden Zwischenräumen keine vermittelnden Anwachslinien entwickelt sind, d. 
h. ein glatter Schalenraum der drei- bis vierfachen Breite eines Linienpaares 


‚ersetzt die schwachen Anwachslinien. 
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Abb. 1. M. labiatus, Mühlberg bei Bad Abbach, 215 cm über Basis der Eibrunner 
Mergel. Innenseite. 


Fig. 1. M. labiatus, Mühlberg near Bad Abbach, from 215 cm above base of the 
Eibrunn Marls. Internal view. 


Abb. 2. M. labiatus, Mühlberg bei Bad Abbach, 230 cm über Basis der Eibrunner 
Mergel. 


Fig. 2. M. labiatus, Mühlberg near Bad Abbach, 230 cm above base of the Eibrunn 
Marls. Note inflation, curved growth axis and more or less regularly spaced growth 
rings, the latter being probably characteristic for soft marly substrates. 


Abb. 3. M. aff. duplicostatus, Mühlberg bei Bad Abbach, 220 cm über Basis der 
Eibrunner Mergel. Beide Klappen erhalten. Kräftigere ,Doppelrippen* (Name!) sind 
getrennt durch feinere Anwachsringe. Die Art ist gleichklappig. 


Fig. 3. M. aff. duplicostatus, Mühlberg near Bad Abbach, 220 cm above base of the 
Eibrunn Marls. Note the presence of both equal valves of this species. More raised 
„twin-rips“ (name!) are separated by less raised fine growth rings. 


| 


Le 
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| M. aff. duplicostatus stellt in der vorliegenden Mytiloides- -Population (N = 
49 4 Exemplare (Tabelle 1). 


M. aff. submytiloides wird hier aufgrund der von Ernst, Woop & 
-IILBRECHT (1984) diskutierten taxonomischen Probleme mit offener 
amensgebung beschrieben. Es kann als sicher gelten, daß wesentliche 
bchalenmerkmale an die jeweiligen faziellen Gegebenheiten angepaßt 
wurden. Charakteristisch ist die große Länge im Verhältnis zur Breite und 
sine bereits im Frühstadium gekriimmte Wachstumsachse, deren Krümmung 
‚m Lauf der Entwicklung noch zunimmt, wodurch die typische ,Bohnen- 
form“ entsteht. Die aus der Mytiloides-Population (N = 14) vorliegenden 2 
3?) Exemplare sind schlecht erhalten und gestatten keine weitere 
Bearbeitung. Dies betrifft besonders die von Seitz (1934) beschriebene 
Weurche in der Nähe des Vorderrandes, die von KzıLer (1982) und Ernst, 
oop & HıLsrecHt (1984) an Material aus Nordwestdeutschland nicht 
erkannt werden konnte und daher im Verdacht steht, ein Faziesmerkmal zu 
Bein. 
M. aff. opalensis liegt in zwei Stücken aus der Mytiloides-Population (N = 
4, vergl. Tabelle 1) vor, die nur die Wirbelregion erkennen lassen. Beide 

tücke sind genügend groß und charakteristisch, um eine Unterscheidung 
| N on M. aff. duplicostatus zu gestatten. Wie bei den von Seitz (1934) beschrie- 
Wbenen Formen, ist im Frühstadium eine auf den kleinen Wirbel zentrierte, 
reisrunde Folge von Anwachslinien entwickelt, die engständig und gleich- 
förmig aufeinander folgen. Diese Entwicklung wird mehr oder weniger 
plötzlich unterbrochen, wenn die Form der Anwachslinien ovaler und diffe- 
renzierter wird. Der Charakter dieser „späten“ Anwachslinien ist sehr 

ariabel (Seitz, 1934). Möglicherweise deutet die Veränderung der Skulptur 
uuf einen Wechsel der Lebensweise im Lauf der Ontogenie hin. 


3. Stratigraphie 


Das in Fig. 5 dargestellte Profil ist lithologisch und biostratigraphisch 
‚verschieden von dem anderer Autoren (OSCHMANN, 1958, Weiss, 1981, 1982). 
Dies betrifft vor allem den unmittelbaren Cenoman/Turon-Grenzbereich 


Abb. 4. M. aff. duplicostatus, Mühlberg bei Bad Abbach, 240 cm über Basis der 
ik Zu Mergel (Basis helvetica-Zone). 

I Fig 4. M. aff. duplicostatus, Mühlberg near Bad Abbach, 240 cm above base of the 
Eibrunn Marls (base of helvetica zone). Note the oval shape and very gently curved 


growth axis. 
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(archaeocretacea-Zone), in dem die hier beschriebenen Inoceramen i 
vorkommen. Im Detail ist folgende Entwicklung zu erkennen. a 

Der Top der cushmani Foraminiferenzone (=Aussterben von Rotalipora 
cushmani (Morrow)) wird markiert durch eine stark bioturbate, ca. 10 cm | 
machtige Lage mit i. w. Spuren von Chondrites. Die Hangendgrenze ist scharf 4 
begrenzt und etwas wellig, was auf eine Omissions-, oder Erosionsflache 
hindeutet. Darüber folgt ein nur wenige cm mächtiger Tonmergel, dem eine 
ca. 10 cm mächtige Mergel- bis Kalkmergelbank aufliegt. Diese hellgraue und 
sehr stark glaukonitische Einheit ist vermutlich das Korrelativ der von 
Forster, Meyer & Rısch (1983) entdeckten knolligen Kalkmergellage im 
Autobahneinschnitt am Benberg N’ Regensburg, die neben Ammoniten der } 
geslinianum Zone den Belemniten Actinocamax plenus (BLAINVILLE) geliefert 
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Abb. 5. Profil der Eibrunner Mergel am Mühlberg bei Bad Abbach, südwestlich 
Regensburg. Die beschriebenen Inoceramen stammen aus der archaeocretacea-Zone 
(Cenoman/Turon - Grenzbereich). Die Reichweiten der rechten Spalte beziehen sich 
auf den dort vergrößert dargestellten Bereich. W a. = Whiteinella archaeocretacea. 


Fig. 5. Stratigraphy and lithology of the Eibrunn Marls of the Mühlberg near Bad 
Abbach. Inoceramids described in this paper were collected from the archaeocretacea 
zone (Cenomanian - Turonian transition). The ranges given in the enlarged right 
column refer to this interval. The !?C event is possibly globally characteristic for the 
archaeocretacea zone given after Hitprecut & Hoers (in press) for this section. Note the 
absence of a species zonation of Mytiloides and the overlap interval of Mytiloides and I. 


ex gr. pictus being characteristic for the base of the Turonian. W a. = Whiteinella | 
archaeocretacea. ; 
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at. Die Korrelation wurde von HırsrecHt (1986) ausführlich diskutiert. 
Der Top der Bank ist wellig und wird von einer Fuge markiert. Einklappig 
rhaltene /. ex gr. pictus liegen unmittelbar auf. 

_ Es folgt ein ca. 5 cm mächtiger Mergel, der durch sehr große bentho- 
tische Foraminiferen (Neoflabellina, et aut.), deutlichen Feinsandgehalt und 
sivalvenschill gekennzeichnet ist. Inoceramen (selten J. ex gr. pictus, 
Aytiloides div. sp.) sind unorientiert eingebettet und vermutlich schnell 
eschüttet („sheet flow deposit“?). Der Bereich 210 bis 220 cm über Basis der 
ibrunner Mergel zeigt rasches „fining upward“ und führt bereits im oberen 
Jeil beidklappig erhaltene Mytzloides sp.. Im Intervall 210 bis 240 cm über 
vasis fehlt /noceramus, während Mytiloides vergleichsweise häufig ist. Der 
‘op der cushmani-Zone wurde 190 cm über der Basis der Eibrunner Mergel 
estgestellt. Die helvetica-Zone des Unter-Turon beginnt zwischen 240 und 
£50 cm über dem Einsetzen der Fazies der Eibrunner Mergel/Top Regens- 
urger Grünsandstein (vergl. Abb. 5). Alle Proben aus dem kritischen Bereich 
rurden sehr ausführlich durchmustert, jedoch wurde kein Hinweis auf das 
on Weiss (1981, 1982) festgestellte Fehlen der archaeocretacea-Zone des 
mon. Grenzbereichs gefunden. Die Zone liegt, obwohl lücken- 
aft und kondensiert, vor. Mit den oben beschriebenen Leithorizonten läßt 
ich jedoch zeigen, daß das Profil tektonisch stark gestört ist, so daß die 
Diskrepanz evtl. auf eine Störung zurückzuführen ist. Die Unterscheidung 
Alüftung/Störung ist im homogenen und oberflächig stark verwitterten 
Librunner Mergel am Mühlberg ohne Kenntnis der genannten Leithorizonte 
\ußerst schwierig. Um einigermaßen frisches Gestein zu erreichen, müssen 
Jitwa 100 cm Verwitterungsrinde abgetragen werden. Wie auch am Benberg 
hee die Eibrunner Mergel am Mühlberg grau bis dunkelgrau, mit geringen 
Dors Gehalten. Die Farbe ist umso dunkler, je feinkörniger (Sandgehalt!) das 
\üediment ist. Das tatsächliche Vorhandensein der beschriebenen Abfolge 
wird neben der biostratigraphischen Einstufung durch ungewöhnlich hohe 
1) ®C-Werte des Karbonats in „whole rocks samples“ bewiesen (HILBRECHT & 
Hosss, im Druck). Eine '"’C-Anomalie ist vermutlich weltweit charakteri- 
Htüsch für die archaeocretacea- und die unmittelbare Basis der helvetica-Zone 
HSCHLANGER et al., im Druck). Das Isotopen-event, dessen genaue Lage in 
Abb. 5 ddtgestellt ist, bietet deshalb ein Hilfsmittel von größtem stratigra- 
phischem Leitwert. 

| Der Zusammenhang zwischen archaeocretacea-Zone und Isotopen-event 
„confidence test“ im Sinne der event-Stratigraphie) erlaubt eine gesicherte 
Htratigraphische Einordnung der beschriebenen Inoceramen-Fauna. 

| Die Basis der helvetica-Zone liegt in England in der coloradoense-Ammoni- 
enzone, die als die Basis des Turon in der Ammonitenzonierung gilt 
WCarter & Hart, 1977, WRIGHT & Kennepy, 1981). Innerhalb der Ammoni- 
Henzone, jedoch unter P. helvetica setzt die Gattung Mytiloides mit der M. aff. 
Wuplicostatus-Fauna ein (Ernst, Woop & HıLsrecHrt, 1984). Das höhere Ober- 
Denoman führt ausschließlich I. ex gr. pictus div. ssp., während unmittelbar 
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über dem Einsetzen von Mytiloides letzte I. ex gr. pictus persistieren. Bemer- 
kenswert ist, daß der glaukonitischen Mergelbank (200-210 cm über Basis)” 
ausschließlich pictus-Formen aufliegen („lag deposit“?), während Mytzloides 
in der grobkörnigen Matrix unmittelbar darüber einsetzt. Damit sind diese 
Sedimente eindeutig in das Turon zu stellen. 

Die stratigraphische Stellung des glaukonitischen Mergels (200-210 cm) 
wurde ausführlich von Hirprecut (1986) diskutiert. Danach ist diese Einheit ' 
das Äquivalent der plenus-Bank Nordwestdeutschlands (ERNST, SCHMID & | 
SEIBERTZ, 1983), die in der geslinianum Ammonitenzone liegt. Eine Ammoni- | 
tenfauna dieser Zone wurde von Forster, MEYER & Riscu (1983) vom 
Benberg bei Regensburg beschrieben. Damit fällt das höchste Cenoman und 
möglicherweise auch die Basis der coloradoense-Zone (ohne Mytiloides) am 
Mühlberg in eine Schichtlücke. 

Nach Forster, Meyer & RıscHh (1983), RiscH (1983) und HiLBRECHT ~ 
(1986) schwankt die Mächtigkeit der archaeocretacea-Zone in den Eibrunner — 
Mergeln zwischen 0,4 und 3 m. Mächtigkeitsschwankungen und Schicht- | 
lücken sind also im wesentlichen in diesem Bereich zu lokalisieren, wie auch , 
in den meisten Cenoman- und Turon-Profilen Europas. Dieser Bereich von | 
möglicherweise kontinentaler Bedeutung kann mit Hilfe von Inoceramen 
auch in den Eibrunner Mergeln verifiziert werden, deren Einsetzen in die 
Zeit der beginnenden Unter-Turon Transgression fällt. Auch in den 
Eibrunner Mergeln ist diese Transgression feststellbar, die ihr Maximum in 
der basalen belvetica-Zone erreicht. 
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MaısEy, J. G. (1985): The Upper Jurassic Hexanchoid Elasmobranch Notidanoides n. g. 
- N. Jb. Geol. Palaont, Abh. 172: 83-106; Stuttgart. 


Abstract: An Upper Jurassic hexanchoid elasmobranch from Solnhofen is redescribed 
vith particular reference to the anatomy of its neurocranium and jaws. Comparison 
with Recent sharks suggests that the fossil represents the extinct sister group of Recent 
exanchoids. The Jurassic species is placed in a new genus, Notidanoides. It differs from 
itving hexanchoids in lacking a basal angle and in having a broad braincase floor 
anterior to the orbital articulation of the palatoquadrate. In these respects Notidanoides 
tlosely resembles Chlamydoselachus. 


Key words: Elasmobranchii (Hexanchoidei), Jurassic, anatomy, fossil, new taxon; 
Germany (Solnhofen), Bavaria. 


usammenfassung: Anhand der Neubearbeitung eines hexanchoiden Elasmobran- 
thiers aus dem Malm von Solnhofen wird die neue Gattung Notidanoides aufgestellt. 
pbie differiert von rezenten Hexanchoiden u.a. durch einen breiten Boden der 
irnkapsel vor der orbitalen Gelenkung des Palatoquadratums, so daß Ähnlichkeiten 
mit Chlamydoselachus bestehen. 


Introduction 


The Upper Jurassic elasmobranch fauna of the Solnhofen Limestone of 
ermany (and its lateral equivalent in France) is remarkably modern in 
ppearance. Schweizer (1964) described a fairly complete specimen of the 
Hhexanchoid “Notidanus” muensteri, but concentrated mainly on the 
|dentition. The present work will describe the endoskeletal anatomy of this 
form, particularly that of the head region. This description is almost entirely 
dbased on a single specimen, Pi 1210/3 in the Institut und Museum fir 
Geologie und Paläontologie, Universitat Tübingen (Fig. 1). 
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Abbreviations in figures 


add. f.: adductor fossa, or: orbit, 
bh.: basihyal, or. art.: orbital articulation, 
ch: ceratohyal, or. pr.: orbital process, 
ect. ch.: ectethmoid chamber, pnw: postnasal wall, 
ect. pr: ectethmoid process, po. art.: postorbital articulation, 
fica: foramen for internal carotid artery, po. pr: postorbital process, 
hym: hyomandibula, post. cbr.: posterior ceratobranchial plate, 
lot. pr: lateral otic process, pq: palatoquadrate, 
Mc: Meckel’s cartilage, rb: rostral bar, 
met: metapterygium, _ x. fen.: rostral fenestra, 
n. ioc.: notch for infraorbital sensory sc: scapulocoracoid, 

canal, y. pr. vestibular process, 
oc. con.: occipital condyle, V, VII: facial-trigeminal foramen, 
oc. dem.: occipital demi-centrum, X: vagus foramen. 


olf. cap.: olfactory capsule, 


Living Hexanchoid Sharks 


Among living elasmobranch fishes, the hexanchoids (six- and seven-gill 
sharks; cow sharks) are of considerable interest because of their supposedly 
primitive level of organization. They have long been considered a relict 
group, descended from distant hybodont or cladodont ancestors in the 
Paleozoic or early Mesozoic (e. g., WoopwarD, 1886a, 1886 b; Romer, 1966; 
SCHAEFFER, 1967). This premise is largely based on their amphistylic jaw 
suspension, with an orbital and postorbital articulation; the elongate 
basibranchial skeleton; long, slender cerato- and epibranchial elements; 
unfused scapulocoracoids; and a number of lesser characters, some of which 
are discussed below. 

Three extant genera are recognized. Two of these are monotypic 
(Notorynchus, Heptranchias), while the remaining genus (Hexanchus) 
comprises two distinct species. Within this assemblage there is little anato-- 
mical variation. Hexanchus and Notorynchus are remarkably similar, differing 
mainly in the number of branchial arches (six in Hexanchus, seven in 
Notorynchus); and the number of cusps (serrations) on the lower lateral teeth 
(eight to ten in Hexanchus; four or five in Notorynchus). Heptranchias differs 
from Hexanchus and Notorynchus in its cranial morphology. The otico- 
occipital region is much shorter than the orbitotemporal-ethmoid region in 
Heptranchias, whereas these regions are of almost equal length in Hexanchus 
and Notorynchus. The postorbital process is much smaller in Heptranchias, 
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and the occiput does not project behind the otic capsules as in Hexanchus 
and Notorynchus. The postorbital articulation is much better developed in 
Heptranchias than in other hexanchoids (GEGENBAUR, 1872; HOLMGREN, ~ 
1941). The hyomandibular articulation with the cranium is much weaker in 
Heptranchias than in Hexanchus or Notorynchus, and the hyomandibula is a 
slender rod which plays only a minor role in mandibular support. The 
hyomandibula is slender in Hexanchus vitulus, but is broad and stout in A. 
griseus and Notorynchus; in these forms the hyomandibula provides much 
greater support for the jaws than in Heptranchias (GEGENBAUR, 1872). In 
Heptranchias the palatoquadrate adductor muscle has anterior and posterior 
divisions; in Hexanchus and Notorynchus this muscle is undivided. 

The Frilled Shark (Chlamydoselachus) closely resembles hexanchoids, and 
has been united with them in some recent systematic treatments (e. g., 
Compacno, 1973, 1977). Some fairly obvious differences have been noted, 
for example their dentition patterns and dental morphology, their scale 
morphology, and the absence of a postorbital palatoquadrate articulation 
(SmitH, 1937). Nevertheless Chlamydoselachus and hexanchoids are anatomi- 
cally similar to each other in the number and structure of the visceral arches, 
paired fin morphology, and overall configuration (elongate body with a 
single dorsal fin located far posteriorly). Apart from a pristiophoroid 
(Pliotrema) and a trygonid stingray (Hexatrygon), hexanchoids and Chlamy- 
doselachus are the only living elasmobranchs with more than five branchial 
arches and corresponding number of gill openings. Furthermore Chlamydose- 
lachus resembles Hexanchus and Notorynchus in the proportions of its 
neurocranium, size of its postorbital process, the size and suspensory 
capability of its hyomandibula, and in its undivided adductor mandibulae 
muscle; i. e., Chlamydoselachus, Hexanchus and Notorynchus collectively differ 
from Heptranchias in all these respects. 


Systematics 
Order Hexanchiformes 
Suborder Hexanchoidei Compacno 1973 
Notidanoides, new genus . 


Diagnosis: Hexanchoids with elongated trunk region; the gap between pectoral 
and pelvic fins is approximately three times the distance between pelvic and anal fins; 
dorsal fin inserted over the mid-region of the anal fin; teeth with maximum of three or 
four posterior serrations and lacking anterior serrations (anterior cutting edge smooth 
and well developed); strongly inclined median cusp in lower symphyseal tooth; seven 
or eight rows of lower lateral teeth; tooth replacement unsynchronized; vertebral 
column strongly calcified, with well developed tectospondylous centra and constricted 
notochord. 

Derivation of name: Greek, Notidanos, triangular dorsal fin, plus - oides, 
resembling or similar to; i. e. “like Notidanus” 
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Discussion: The old generic name Notidanus has been applied both to 
ppssil and living hexanchoids (e.g., Cuvier, 1817; GUNTHER, 1870; 
“}Woopwarp, 1866b, 1889; ARAMBOURG, 1952), but it is technically a junior 
nonym of Hexanchus and Heptranchias. These genera were distinguished 
'y Rarinesque (1810) but were lumped together as Notidanus by Cuvier 
1817). The name has continued to be used for fossil species, particularly 
hose founded on isolated teeth, largely on the grounds that the number of 
sranchial arches has not been determined in the fossils. Paradoxically, it has 
Hong been known that there are marked differences in the teeth of living 
hexanchoid taxa (e. g., Woopwarp, 1866 b), and attempts have been made to 
ssign fossil hexanchoids to Recent genera using dental criteria (e. g., JoRDAN, 
907; Fow er, 1911; APPLEGATE & UyENo, 1968; WaLpman, 1971; CAPPETTA, 
1975; Warp, 1979; Case, 1980; Maısey & WoLrram, 1984). The teeth of 
Notidanoides share many “notidanid” features with those of Hexanchus, 
Teptranchias and Notorynchus, but are sufficiently different as to merit 
distinction as another tooth pattern (SCHWEIZER, 1964; MAIsEY & WoLFRAM, 
11984). This distinctiveness, coupled with what is known of the gross 
morphology of “Notidanus” muensteri, suggests that this species should not 
be referred to any of the three extant genera, nor to the invalid synonym 
|Notidanus. The generic name Notidanoides is therefore proposed for this 
{ ossil species. 

In a recent publication, Pre (1983, p. 23) erected another fossil 
mexanchoid genus, Eonotidanus, making the type species Notidanus 
lcontrarius MUNSTER (1843). The species (and thus the genus) is founded upon 
fa few isolated teeth from the Dogger (Middle Jurassic) of Rabenstein, Bavaria 
|< see De Beaumont, 1960, p. 35 and pl. 2, Figs. 41-43). Prem (1983) referred 
several other fossil species to Eonotidanus, including Notidanus muensteri. It 
<s likely that this tooth pattern is primitive for hexanchoids, however (see 


ÜBCHWEIZER, 1964; MaAısEv & WOoLFRAM, 1984), and species having this pattern 


fare not necessarily congeneric. To avoid confusion and facilitate comparison 
jin any future studies, I propose placing the relatively better known 
\\Notidanus muensteri in a new genus rather than assuming (as in Pret, 1983) 
ie is congeneric with the poorly-founded genus Eonotidanus. 

| Notidanoides differs from Recent hexanchoids in several respects. In the 
latter, the trunk region between the pectoral and pelvic fins is shorter (no 
amore than twice the distance between pelvic and anal fins). The dorsal fin 1s 
located just behind the pelvics in living hexanchoids (Bass et al., 1975), 
hereas it extends farther forward in Notidanoides. Tooth morphology 
idiffers between Recent hexanchoid species, but there is a consistently higher 
h umber of serrations than in Notidanoides (four or five in Notorynchus, eight 
jor more in Hexanchus and Heptranchias), and in all living species the lateral 
Iteeth are serrated anteriorly. The crown and basal plate of the lower teeth are 
Istrongly flattened labio-lingually in Recent hexanchoids, instead of meeting 
lat an angle as in Notidanoides. Recent hexanchoids have fewer rows of lower 
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llateral teeth than Notidanoides (five in Heptranchias perlo and Hexanchus 
vitulus, six in Hexanchus griseus and Notorynchus cepedianus), and their repla- 
cement is synchronized to form a nearly continuous cutting edge along the 
lower jaw. The vertebral column is poorly calcified in living hexanchoids, 
and only simple perichordal rings may form precaudally. Nevertheless the 
notochord is septate and constricted precaudally, and vertebral centra are 
sometimes present caudally (RiEWoop, 1921; Compacno, 1977). 


Type species: Notidanus muensteri L. Acassiz, Rech. sur les Poissons fossiles, 3, 
iD. 22, pla ie higsy 2553. 

Referred species: Notidanus arzöensis G. pp BEAUMONT, 1960, Mém. Suisses de 
Baleont, 77, p. 38, figs. 23, 24, pl. 1, Figs. 39-41. 


Notidanoides muensteri (AGASSIZ) 


1833-1843 Notidanus muensteri. - L. Acassiz, Rech. sur les Poissons fossiles, 3, p. 222, 
pl. 27, Figs. 2, 3. 
Notidanus wagneri. — L. Agassiz, ibid., p. 377. 


1849 Notidanus muensteri. - BEYRICH & FRISCHMANN, Zeitschr. Deutsch. Geol. 
| Gesell., I: 423-447. 
1852 Notidanus muensteri. - F. A. QuEnsTEpT, Hdbk Petref.-K., p. 167, pl. 13, 
Fig. 4. 
1858 Notidanus muensteri. - F. A. QUENSTEDT, Der Jura, p. 783, pl. 96, Figs. 33, 
| 34. 
1861 Notidanus eximius. - A. WAGNER, Abh. K. bay. Akad. Wiss., 9, p. 292, pl. 4, 
fig. 2. 
| 1889 Notidanus muensteri. - A. S. WooDwarnp, Cat. Foss. Fishes, 1, p. 158. 
| 1937 Notidanus muensteri. - K. A. v. Zırteı, Textbook of Palaeontology, 2, p. 72. 
| 1964 Notidanus muensteri. - R. SCHWEIZER, Palaeontogr., 123 (A), p. 78, fig. 7, 
| plate 11, fig. 4. 
1983 Eonotidanus muensteri. - F. H. Prem, Palaeoichthyologica, p. 25. 
‚1984 “Notidanus muensteri”. - J. G. Maısey & K. Worrram, Living Fossils, p. 170, 
see, 2p 


Previous study 


Until the publication of Schweizer’s (1964) work, previous descriptions 
of the Solnhofen hexanchoids were superficial and dealt only with aspects of 
gross morphology and dentition (e.g. Fraas, 1855; QUENSTEDT, 1858). 
SCHWEIZER (1964) figured and briefly mentioned parts of the cranial endos- 
keleton of Pi 1210/3, although he too concentrated upon the dental charac- 
teristics. 

The neurocranium and jaws are known best from specimen no. Pi 1210/3, 
from Nusplingen, belonging to the Institut und Museum für Geologie und 
Paläontologie, Tübingen (ScHweIzER, 1964, Fig. 7, pl. 11, Fig. 4; Matsey & 
Wo.rraM, 1984, Fig. 2). As drawn by ScHweizer (1964, Fig. 7), the braincase 
of N. muensteri is elongate and fairly narrow, without a broad supraorbital 
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Fig. 3. The neurocranium of some Recent elasmobranchs in ventral view; (A) Chlamy- 
doselachus anguineus, based on ALIS and AMNH Vertebrate Paleontology Teaching 
Collection no. K 3-9; (B) Notorynchus cepedianus, from AMNH 49563; (C) Hexanchus 


vitulus, from AMNH 33475; (D) Heptranchias perlo, from AMNH yp Teaching 
Collection no. AA 4-7, 
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Hoof to the orbit, and without a postorbital process (Fig. 2 A). Olfactory 


apsules were shown close together, separated by a gap which superficially 
esembles the precerebral fontanelle. The interorbital septum was shown as 
eing broad, with transverse ridges both anteriorly and posteriorly (either of 
hich might correspond to the basal angle of a modern hexanchoid 


> ie Posteriorly the floor of the otico-occipital region was shown 
l 


lightly broader than the interorbital septum. Paired foramina (supposedly 
or the glossopharyngeal nerves) and an occipital half-centrum were 
dentified. As drawn by ScHwEIzER, the occiput does not project posteriorly 
eyond the otic capsules. 

Comparison of SCHWEIZER’s drawing with Recent hexanchoids would 
perhaps lead to the conclusion that the braincase of N. muensteri is most like 
that of Heptranchias (Fig. 3 D). In this form the neurocranium is narrow, with 
h narrow supraorbital roof and short postorbital process. The olfactory 
capsules lie close to the midline and the internasal septum and precerebral 
Fontanelle are correspondingly narrow. The otico-occipital region is only 
Llightly wider than the orbitotemporal region, and the occiput does not 
roject behind the otic capsules. 

Despite these apparent similarities, there are some striking disparities left 
nexplained by Scuweizer (1964). Firstly, the interorbital septum of 
eptranchias is extremely narrow, with a prominent basal angle which allows 


the orbital articular surface for the palatoquadrate to jut abruptly downward 


iin the posterior part of the orbit. There is no indication of such narrowing or 


projection of the interorbital septum in Notidanoides, according to 
SCHWEIZER. Secondly, the palatoquadrate of Heptranchias is somewhat trian- 
gular in outline, with an abbreviated palatine moiety that traverses beneath 
the braincase to meet its antimere symphyseally behind the olfactory 
capsules (Fig. 4). A curiously sigmoidal palatoquadrate is suggested by 
ÜSCHWEIZER, which if accurately depicted would be radically different from 


‘that of any living hexanchoid, and would have a long and slender palatine 
part curving beneath the eye and extending anteriorly as far as the front of 
the olfactory capsule (i. e. about as far anteriorly as in Chlamydoselachus). 
‘The palatoquadrate ramus would thus have been approximately one-third 
longer than the mandibular ramus of Meckel’s cartilage. No orbital process is 


‘shown on the palatoquadrate, and it is difficult to imagine how the braincase 
Jand jaws would have articulated given their disproportionate shapes and 


d 
| 


|sizes. 


An alternative interpretation of the braincase and jaws of Pi 1210/3 was 
given by Maısey & Woırram (1984), based on examination of casts and 
photographs (Fig. 2B). The most noteworthy departure from SCHWEIZER’S 


| (1964, Fig. 7) version is reinterpretation of the curved anterior part of the 


palatoquadrates as supraorbital cartilages and (in part) the orbitonasal 
lamina. In that interpretation, the neurocranium appears much broader, and 
has a fundamentally different morphology from that suggested by 
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Fig. 4. Palatoquadrate of 
some Recent elasmo- 
branchs in lateral view; 
(A) Chlamydoselachus 
anguineus, (AMNH VP 
Teaching Coll. no. K 3- 
9); (B) Notorynchus 
cepedianus (AMNH 
49563); (C) Heptranchias 
perlo (AMNH VP 
Teaching Coll. no. AA 
4-7). 


SCHWEIZER. The palatoquadrates would be relatively short, although their 
precise extent and the suspensorial arrangement were not discussed. 


Anatomy of the braincase 


The ventral surface of the braincase is exposed in Pi 1210/3 (Figs. 5, 6). It 
is fairly complete, but parts of the otico-occipital region are overlain by the 
mandibles. Some other parts of the braincase have been damaged by earlier 
preparation, particularly where the cranial cartilage originally lay over the 
teeth. The most damaged areas are in the ethmoid region, the right orbital 
margin, and in the vicinity of the internal carotid foramen. 

The ethmoid region is broad, with a short rounded rostral bar anteriorly 
(r. b., Fig. 6). There is an uncalcified fenestration of the rostral bar anteriorly 
similar to that in Notorynchus (r. f., Figs. 3, 6). The nasal capsules are spaced 
widely apart; the “Nasenkapsel” of ScHwEizer (1964) are reinterpreted as 
parts of the internasal septum forming the lateral walls of the precerebral 
fontanelle. SCHWEIZER (1964, Fig. 7) showed a pair of supposed projections 
directed posteriorly and medially from the “Nasenkapsel” (Fig. 2A). 
Although these “projections” resemble ectethmoid processes, they are simply 
folds in the floor of the orbitonasal lamina. These raised areas are not 
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(Fig. 5. New interpretation of Pi 1210/3, identifying the main endoskeletal components 
jof the head region. 


| 


= 


therefore the ectethmoid processes, but may reflect the internal position of 
olfactory canals leading to the nasal capsules. 

_ The anterior margin of the rostral bar is indented on each side by a 
shallow notch (n. ioc., Fig. 6). A corresponding notch is present in Chlamydo- 


| selachus, where it is occupied by the posteriorly-reflected terminal branch of 
the infraorbital latero-sensory canal (Jarvik, 1942, Figs. 2, 4). The profundus 
and superficial ophthalmic nerves terminate near this groove in Chlamydose- 
lachus, but do not occupy it. In Hexanchus and Notorynchus the rostral bar is 
broad and short, as in Chlamydoselachus and Notidanoides, but is not 
indented and the infraorbital latero-sensory canal is not reflected posteriorly 
las in Chlamydoselachus (e. g., Notorynchus; DANiEL, 1934, Figs. 45, 227, 228). 
The ethmoid region of Heptranchias differs from all the above in being much 
narrower, with nasal capsules separated only by a narrow internasal septum 


= 


94 John G. Maisey 


(Fig. 3). As in Hexanchus and Notorynchus the rostral bar (which is 
rudimentary) is not notched laterally for the infraorbital canal. Some short- 
snouted squaloids (e. g., Aculeola) also have a broad internasal septum and 
rostral bar, in which there may be shallow lateral indentations. In Aculeola 
the infraorbital canal lies in this emargination as in Chlamydoselachus, 
although the canal is not looped back on itself. 

‘Immediately behind each marginal indentation in the rostral bar of Pi 
1210/3 there is a pronounced groove bordered laterally by a raised ridge. In 
Hexanchus, Notorynchus and Chlamydoselachus this part of the internasal 
septum forms the mesial edge of the nasal fontanelle or ectethmoid chamber 
(GEGENBAUR, 1872; ALLIs, 1923; Danıer, 1934; HoLMGREn, 1941). 

This is also the case in Heptranchias, but here the internasal septum is 
narrowly sandwiched by the olfactory capsules, and the ectethmoid chamber 
is correspondingly less commodious. Notidanoides is interpreted as having a 
large ectethmoid chamber as in Chlamydoselachus, Notorynchus and 
Hexanchus, of which only the inner margin is known in Pi 1210/3 (ect. ch. 
Fig. 6). In Chlamydoselachus, where the palatoquadrate extends beneath the 
internasal septum mesial to the olfactory capsules, the ectethmoid chamber is 
covered by a tough membrane (ALLIs, 1923), but in living hexanchoids 
(where the palatoquadrate symphysis lies behind the internasal lamina) such 
as membrane is absent. Notidanoides palatoquadrates similarly lay behind the 
internasal septum, and it may be that the ectethmoid chamber lacked a 
tough membraneous covering. Despite this, as interpreted here, the olfactory 
region in Notidanoides is remarkably like that of Chlamydoselachus (see 
Aıuıs, 1923, pl. ix; Jarvix, 1942, Fig. 4). 

The postnasal wall is too badly damaged in Pi 1210/3 to determine 
whether an ectethmoid process was present (cf. MAısey & WoLrRaM, 1984, 
Fig. 2). It is well developed in Chlamydoselachus and living hexanchoids, 
however, and one was probably also present in Notidanoides (ect. pr., Fig. 6). 

The interorbital septum is broad and fairly flat in Pi 1210/3, with a gently 
arched transverse section. Only the floor of the interorbital region is seen, 
the orbital walls being crushed. The supraorbital cartilage projects laterally 
from each side of the interorbital septum. The overall impression gained 
from Pi 1210/3 is of a boxlike braincase between the orbits, lacking any 
suborbital shelf and covered by a broad orbital tectum. 

The orbital region of Notidanoides thus resembles that of Chlamydose- 
lachus in overall morphology. In living hexanchoids, by contrast, the interor- 
bital septum has two distinctly different regions (Fig. 3). The anterior part is 
narrow and transversely rounded, extending from the postnasal wall poste- 
riorly as far as the articular surface for the palatoquadrate orbital process 
(orb. art.). Just behind this articulation the braincase floor broadens at the 
“basal angle”, although it narrows again level with the internal carotid 
foramina (fica, Fig. 3). This posterior region is much deeper dorsiventrally; 
the anterior part correspondingly slopes downward to meet it, at the “basal 


N 
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ngle”. The lateral profile of this region is similar in all living hexanchoids, 
he main difference being that Heptranchias has a much narrower interorbital 
eptum than other hexanchoids. 

In Chlamydoselachus two corresponding regions may be recognized, 
Ithough the anterior part is much shorter than in Recent hexanchoids and 
he orbital articulation is located anteriorly in the orbit (ALLIs, 1923, pls. viii, 
x). The basal angle is absent (Axis, 1923; HoLMGREN, 1941), although 
Anterior to the orbital articulation the trabecular region curves dorsally. In 
Jbmbryo Chlamydoselachus, however, the basicranium is said to be flatter than 
in the adult (Hotmeren, 1941, p. 9). Thus the weak adult basicranial flexure 


7 
n.ioc. 


olf. en 
ect.ch. ee 24 


po.pr. 
fica rer 
Fig. 6. Restored outline of 
\Notidanoides muensteri op fe 
|braincase in ventral view, Vey N x 
based on Pi 1210/3. x 


of Chlamydoselachus seems to be a derived condition ontogenetically, just 
like the basal angle (e. g., in Squalus and Etmopterus; SEWERTZOFF, 1899; DE 
Beer, 1937; Hotmeren, 1940; JorLıe, 1971). The relatively flat and unspecia- 
lized basicranium of Notidanoides suggests that a “basal angle” is primitively 
_weak or absent in hexanchoids. Thus both ontogenetic and fossil evidence 
suggest that the pronounced “basal angle” of Recent hexanchoids 1s 
‘apomorphic. This raises some interesting questions concerning the 
| relationships of hexanchoids to other elasmobranchs in which a “basal 
angle” is well developed (e. g., squaloids), especially in view of other simila- 
tities in their cranial anatomy (particularly among “short-snouted” forms 
such as Aculeola, Oxynotus and Scymnorhinus). 

The positions of the internal carotid arteries are marked by shallow trans- 
verse grooves in Pi 1210/3. Their basicranial foramina have unfortunately 


| 


96 John G. Maisey 


been obliterated, so it is unknown whether the vessels had separate openings 
or shared a common entrance. In Chlamydoselachus and Recent hexanchoids 
there are two foramina, located close to the ventral midline (GEGENBAUR, 
1872; Aus, 1923; Hormeren, 1941). In living hexanchoids (but not Chlamy- 
doselachus) these foramina lie a short distance behind the “basal angle” and 
the articular surface for the palatoquadrate orbital process. Although a basal 
angle seems to be lacking in Notidanoides, the position of the orbital articu- 
lation is suggested by a broadening of the basicranium just anterior to the 
carotids, followed posteriorly by a slight constriction level with the carotid 
impressions (orb. art., Fig. 6). Comparison with living hexanchoids and 
Chlamydoselachus leads me to believe that the orbital articulation lay towards 
the center of the orbit in Notidanoides, immediately anterior to the 
broadened part just mentioned (Fig. 7). In life, the orbital articulation may 
very well have sloped dorsally over this broader area, as in living hexan- 
choids. 

The location of critical orbital foramina in Notidanoides cannot be made 
on the basis of available material. In living hexanchoids, as in other orbito- 
stylic sharks, the orbital articulation lies between the optic nerve and efferent 
pseudobranchial artery (EpGEwoRTH, 1935, Maısey, 1980). While some 
orbital foramina are discernible in Pi 1210/3, none can be definitely 
identified as either the optic or efferent pseudobranchial foramen. The trige- 
mino-facialis foramen is tentatively identified within the left orbit of Pi 
1210/3, slightly behind the level of the orbital articulation (trf. f., Fig. 6). 
Other foramina in the orbital roof are probably for branches of the super- 
ficial ophthalmic nerve, supplying the supraorbital latero-sensory canal. 

The supraorbital tectum expands posteriorly to meet the elongate postor- 
bital process. The anterior (symphyseal) ends of the palatoquadrates lie 
directly over the tips of the postorbital processes in Pi 1210/3, from which 
they are separated by matrix. The left process is better exposed, and seems to 
lack a jugular canal and calcified lateral commissure. Aside from that, 
however, little can be discerned. Meckel’s cartilages lie over this part of the 
braincase, so that only part of its posterior end is visible. 

The otico-occipital region is relatively flat, but there is a median groove 
which reflects the position of the narrow notochordal canal is in many other 
Recent and fossil elasmobranchs. The occiput projects posteriorly behind the 
otic capsules as in Chlamydoselachus, Notorynchus and Hexanchus, and 
contains an occipital demi-centrum (oc. dem.) flanked by lateral condyles 
(co. con.). The ventral margin of the hyomandibular facet is marked by a low 
vestibular process (v. pr, Fig. 6; see Gapow, 1888), behind which lies the 
lateral otic process and glossopharyngeal canal. Schweizer (1964, Fig. 7) 
identified a pair of glossopharyngeal foramina, on either side of the occiput, 
but comparison with Recent Hexanchus and Notorynchus suggests that these 
foramina are for the vagus nerve, since they are located much nearer to the 
posterior midline than the glossopharyngeal foramina (X, Fig. 6). 
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Jaws, visceral arches and shoulder girdle 


| Ventral reconstructions of the braincase and jaws in Notidanoides are 
nown in Figs. 7 and 8, along with comparable views of Chlamydoselachus, 
otorynchus, and Heptranchias. In Fig. 7 the palatoquadrates and epihyals are 
nown in their proper articular relationship, and Fig. 8 shows the same with 
ne addition of Meckel’s cartilages, ceratohyals and basihyal. The palatoqua- 
Irates are indicated by a dashed line in Fig. 8, where obscured by other jaw 
ements. The modern examples are all taken from preserved dissections and 
ow the jaws with the mouth closed; i. e., with no mandibular abduction or 
rotrusion. In the reconstructions of Notidanoides and attempt has been 
ade to locate the jaws in a similar “resting” configuration, although there is 
evitably some artistic licence and author caprice. These views illustrate 
me of the differences in hexanchoid jaw suspension discussed in this 
rection. 

As mentioned earlier, the palatoquadrate of Notidanoides is much shorter 
han shown by SCHWEIZER (1964, Fig. 7). In Pi 1210/3 both palatoquadrates 
re exposed in lateral view, displaced outwards from their original position 
Figs. 1, 5). The most evident feature is the expanded otic process and 
“dductor fossa (add. f.), forming a broad insertion for adductor musculature. 
tts dorsal margin is gently rounded from the mandibular joint to the postor- 
pital articulation. Anterior to this the dorsal margin swings steeply 
lownward and the palatoquadrate tapers rapidly towards the symphysis. The 
»ostorbital articulation is vaguely defined and may not have been particu- 
tarly strong. Nonetheless in Recent hexanchoids (even Heptranchias, which 


| 
as a very strong postorbital articulation), the articular facet is located 


i 


| 


nesially (Fig. 7) and its extent is not readily apparent on the lateral surface 
»f the palatoquadrate (Fig. 4 C; see GEGENBAUR, 1872; LUTHER, 1909; DANIEL, 
(934). Furthermore the articular surfaces are generally uncalcified and are 
Iinclosed by a ligamentous bursa, which would be unlikely to fossilize. Even 
40, the tapered anterodorsal margin of each palatoquadrate in Pi 1210/3 
)pears an elongate groove or depression in its upper part (po. art.?, Fig. 5), 
which may reflect the original extent of the postorbital facet. This suggests 
that the articular surface was as extensive as in Notorynchus and Hexanchus; 
in Heptranchias, by contrast, this facet is much longer, extending more than 
{wo- thirds of the distance from the “top” of the otic process towards the 
p>rbital process (LUTHER, 1909, Fig. 6). 

| The palatine part of the palatoquadrate in Notidanoides resembles that of 
otorynchus and Hexanchus. In Heptranchias the region between orbital and 
ostorbital processes is deeply embayed into a strongly concave profile 
(GEGENBAUR, 1872; LurHer, 1909). It may be that this feature caused 
SCHWEIZER (1964) to misidentify the curved orbital roof as part of the palato- 
Huadrate in Pi 1210/3. In Notidanoides, Hexanchus and Notorynchus this 
: egion is more triangular, with a much less embayed dorsal margin (Fig. 4). 


N. Jb. Geol. u. Paläont. Abh, Bd. 172 
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Fig. 7. Ventral views of neurocranium with palatoquadrate and hyomandibula in 
position (A) Chlamydoselachus anguineus (AMNH VP Teaching Coll. no. K 3-9); (B) 
Heptrachias perlo (AMNH VP Teaching Coll. no. AA 4-7); (C) Notorynchus cepedianus 
(AMNH 49563); (D) Notidanoides muensteri (restored from Pi 1210/3). 


The orbital process is poorly preserved, although its position is suggested 
by a bump behind the symphysis (or. pr.?, Fig. 5). In most orbitostylic 
elasmobranchs the orbital process is soft and uncalcified; consequently it 
may not have been completely preserved in Pi 1210/3. The orbital process 
probably articulated with the braincase in a mid-orbital position (Fig. 7). The 
palatine region would have been oriented obliquely below the braincase, 
with its symphysis level with the postnasal wall or even slightly posterior to 
Ait 

The quadrate part is about twice the length of the palatine moiety in 
Notidanoides. These proportions compare more favorably with those of 
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Fig. 8. Ventral views as in Fig. 7 but with Meckel’s cartilage, ceratohyal and basihyal 
‘added; palatoquadrates shown by dashed line; basihyal of Notidanoides stippled. 


Hexanchus and Notorynchus than with those of Heptranchias, but in Notida- 
‚noides the “quadrate” is relatively longer than in any Recent hexanchoid. 
In Chlamydoselachus the palatoquadrate is much more elongate and 
slender than in any hexanchoid (Fig. 4A), and there is an extremely long 
palatine bar extending beneath the ethmoid region (Aruıs, 1923). Although 
‘the palatoquadrate may make contact with the postorbital process during 
some phases of jaw movement (Compacno, 1977), a postorbital articulation 
with a bursa and associated ligaments is absent (LUTHER, 1909). Thus the jaws 
of Chlamydoselachus and hexanchoids differ significantly in several respects. 
Notidanoides nevertheless resembles Chlamydoselachus in the elongate shape 


| 


| 
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of the otic process. In Chlamydoselachus this process is more than three times — 
as long as deep. In Notidanoides it is almost 2 1/2 times as long. It is shorter — | 
in living hexanchoids (approximately 1 1/2 times the depth in Hexanchus IM 
and Notorynchus; almost equal length and depth in Heptranchias). 

Meckel’s cartilage of Notidanoides are long and slender, but their exact ii 
shape is uncertain because of crushing in Pi 1210/3. Their length along the — 
mandibular ramus is useful in determining the anterior extent of the jaws, — 


however. Living hexanchoids have a pronounced underbite, in which the 


mandibular symphysis extends farther anteriorly than the palatoquadrate 
(Fig. 8). If we allow that the same was true in Notidanoides, measurements of 
upper and lower jaws of Pi 1210/3 confirm that very little of the palatine 
ramus was uncalcified and that the palatoquadrates did not extend below the 
ethmoid region as in Chlamydoselachus. 

The hyoid and branchial arches are disarranged in Pi 1210/3, and not all | 
elements have been reliably identified. I concur with ScHweizer’s (1964, | 
Fig. 7) identification of the ceratohyals (“Hyoidbogen”) and one (probably 
the right) hyomandibular element (c. f. Figs. 2 A, 5). The left hyomandibula 
seems to be in place against the braincase, behind Meckel’s cartilage. The 
ceratohyals have been displaced outwards, with their hyomandibular articula- 
tions at their outer extremities. Some features of the articular ends of these 
elements are preserved and compare closely with the articular surfaces in 
Recent hexanchoids. The visceral arches are too badly disturbed to 
determine their number and configuration, other than that the hypobran- 
chials and ceratobranchials resemble those of Chlamydoselachus and hexan- 
choids in being elongate and slender. This may simply represent a primitive || 
condition, however, since it occurs in Synechodus and Sphenodus, which may | 
be allied to galeomorphs and Heterodontus (Maısey, in press). Between the 
scapulocoracoids and vertebral column are two prominent elements, inter- 
preted as the posteriormost pair of ceratobranchials (post. cbr., Fig. 5). In || 
outline they resemble those of Chlamydoselachus very closely (Goopey, 1910; 
ALIS L923) 

Comparison between Notidanoides, Chlamydoselachus and modern hexan- 


choids (Figs. 7, 8) suggests that jaw suspension in Notidanoides most closely 4, 
resembled that of Hexanchus and Notorynchus. In all three taxa the gape is , 


much wider than the maximum braincase width (at the postorbital process) 
and the jaws extend anteriorly only as far as the postnasal wall. Chlamydose- 
lachus differs in lacking a postorbital articulation and in the anterior extent 
of its jaws beneath the ethmoid region, almost to the rostral bar. In Fig. 8, 
the transverse orientation of the ceratohyals in Chlamydoselachus is in ıl 
contrast with the usually figured arrangement (e. g., GARMAN, 1885; ALLIS, 4 
1923; Smitu, 1937), with the ceratohyals and Meckel’s cartilages arranged in | 
a chevron pattern. In specimens, there is considerable antero-posterior 
mobility of the basihyal-basibranchial skeleton. Discussion of this interesting 
phenomenon, and of its development during ontogeny, would be inappro- 
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poriate in the present work, but it is anticipated that a note will be published 
pon this elsewhere. The arrangement shown in Fig. 8 illustrates the extent to 
which the gape can be widened in Chlamydoselachus. Only when the ventral 
jconstrictors are strongly contracted is the basihyal brought much closer to 
he mandibular symphysis. 

The scapulocoracoids in Pi 1210/3 are shaped like those of Recent hexan- 
hoids, Chlamydoselachus, and the fossil taxa Synechodus, Sphenodus and 
Palaeospinax (GARMAN, 1885; DEAN, 1909; Matsey, 1985, + in preparation). 
(This may again represent a primitive pattern among living sharks. Traces of 
| he pectoral fin skeleton are preserved, but nothing of significance can be 
determined. 


Discussion 


In this work, the sister group to Recent hexanchoids is thought to be 
hlamydoselachus. These taxa share: 
|| 1. Overall body configuration (posterior position of single dorsal, the 
belvics and anal fins; dorsal between pelvics and anal; elongate trunk 
between pelvics and pectorals). 
2. More than five branchial clefts (known otherwise only in a sawshark, 
MPliotrema, and a trygonid, Hexairygon). 
Notidanoides and Recent hexanchoids differ from Chlamydoselachus in 
tthe following respects: 
| 3. Upper and lower teeth distinctly different, with pointed multicuspid 
luppers and elongate, serrated lowers. 
| 4. Lateral teeth bladelike, with several cusps along the cutting edge. 
5. Posteriormost teeth small and buttonlike, unserrated. 

_ Recent hexanchoids (Hexanchus, Heptranchias, Notorynchus) are united by 
the following features: 
| 6. Precaudal vertebral centra weakly calcified (Heptranchias) or uncalcified 
"(Hexanchus, Notorynchus). 
| 7. Labio-lingually flattened teeth, with the root and crown lying in the 
“same plane and the basal surface enlarged to form the “lingual” side of the 
iroot. 
8. Basal angle well developed. 
9. Braincase floor becomes narrow anterior to the orbital process. 


| 


These characters are not altogether satisfactory as synapomorphies. The 
notochord of Chlamydoselachus is partly constricted but is not septate 
precaudally (Rıpewoop, 1921); in the present hypothesis this must be 
regarded as an independent reduction and loss in Chlamydoselachus and 
hexanchoids. Nevertheless there is some evidence of independent vertebral 
reduction among living hexanchoid taxa (Maısev & WoLrram, 1984). The 
dental characters noted here are also found in some squaloids (e. g., 
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Somniosus, Oxynotus) but are absent in apparently more primitive squaloids 
such as Aculeola. A basal angle is also well developed in most squaloids, 


although it is again less prominent in supposedly generalized taxa. The basic- | 


ranium anterior to the basal angle is narrowed in Scymnorhinus and 


Oxynotus; but is fairly broad in Squalus. Notidanoides differs from living © 
hexanchoids in all four characters. Instead, it resembles Chlamydoselachus || 


(perhaps primitively) in having the tooth crown resting squarely on its root 


(SCHWEIZER, 1964), the basal angle weak or absent, and a broad basicranium | 


anterior to the orbital articulation. 


Fig. 9. Cladogram of relationships discussed in the text. 


While there is no doubt that Notidanoides is closely related to Recent 
hexanchoids, it clearly differs from them (and resembles Chlamydoselachus) 
in some important respects. Chlamydoselachus differs from Notidanoides and 
living hexanchoids in the frontal position of its orbital articulation, the 
absence of a postorbital articulation, the extent of the palatoquadrate 
beneath the snout, and the peculiar morphology of its teeth. Chlamydose- 


lachus differs from living hexanchoids (but not Notidanoides) in the absence 


of a basal angle. Its hyomandibular articulation also differs (HoLMGREN, 
1941, p. 14), and its first gill-cleft is continuous across the throat, but neither 
character is known in Notidanoides. Chlamydoselachus resembles Notida- 
noides and living hexanchoids in gross morphology (single dorsal fin, which 
along with the anal and pelvics is located posteriorly, the dorsal lying 


between the pelvics and anal; elongated trunk region between pectorals and 


pelvics) and in having more than five branchial arches and gill openings. 


The Upper Jurassic Hexanchoid Elasmobranch 103 


Many of these differences in Chlamydoselachus can be considered autapo- 
orphies which do not help in resolving its systematic position. The 
emaining differences are open to alternative explanations. Chlamydoselachus 
s regarded here as the sister group to all hexanchoids including Notidanoides 
IMaısey & WOoLFRAM, 1984). In this case, the absence of a postorbital articu- 
zation may also be derived for Chlamydoselachus (although the possibility 
till remains that the hexanchoid postorbital joint is secondary). The long 
alatine ramus of the palatoquadrate and absence of a basal angle would be 
rimitive (a view supported by other fossils such as Hybodus, Synechodus, 
Palaeospinax and many Paleozoic selachians). 

Alternatively, Notidanoides could be the sister taxon to Chlamydoselachus 
te living hexanchoids, but this hypothesis is less parsimonious than the 

‘irst since it requires suppression of hexanchoid characters in Chlamydose- 
Vachus. If the postorbital articulation of hexanchoids and the elongate 
palatine ramus of Chlamydoselachus are both primitive characters (probably 
ithe simplest supposition), we may predict that both should be present in the 
ost primitive members of each lineage and in their hypothetical extinct 


sister group. 

Notidanoides muensteri resembles Recent hexanchoids in many details of 
fits cranial anatomy. As we have seen, however, it shares some other features 
vwith the frilled shark, Chlamydoselachus (e.g. the lack of pronounced basal 
zangle, and the arrangement of the snout). This raises some interesting 
(questions concerning the interrelationships of living hexanchoids, Notida- 
inoides and Chlamydoselachus. The most plausible hypothesis is that Notida- 
jnoides is the extinct plesiomorphic sister taxon to Recent hexanchoids (as 


«suggested by Maısev & WoLFRAM, 1984). 


Conclusions 


The common ancestor of Chlamydoselachus and hexanchoids probably 
had postorbital and orbital articulations for the palatoquadrate, no basal 
angle in the basicranium, an elongate palatine region, more than five 
branchial arches, an elongate, slender scapulocoracoid, a single dorsal fin and 
an elongated trunk with the dorsal, anal and pelvic fins located towards the 
‘tail. 

Although Chlamydoselachus and hexanchoids possess a number of 
apparently primitive traits, these elasmobranchs share a suite of characters 
with other Recent sharks that are absent in the better known fossil elasmo- 
‘branch taxa (Maısey, 1984). The view that Chlamydoselachus and hexan- 
choids are distantly related (e. g., HormcREN, 1941) is no longer tenable, and 
in more recent surveys Chlamydoselachus is grouped with hexanchoids (e. g., 
Compacno, 1973, 1977). 
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Lake Qarun (Fayum, Egypt). - N. Jb. Geol. Paläont., Abh. 172: 107-120; Stuttgart. 


Abstract: 9 species and subspecies of Ostracoda from Recent sediments of Lake 
Quarun are described and illustrated. Leptocythere uffenordi is introduced. Cyprideis (C.) 
sohni is the dominant species in the lake. 


| Key words: Ostracods, Egypt; lakes, recent, seasonal changes. 


Zusammenfassung: 9 Arten und Unterarten von Ostrakoden werden aus rezenten 
Ablagerungen des Qarun-Sees beschrieben und abgebildet. Leptocythere uffenordi wird 
erstmals beschrieben. Cyprideis (C.) sohni ist die häufigste Art im See. 


Introduction 


| Lake Qarun is a closed inland lake in northern Egypt. It covers an area of 
| about 235 km? and is situated in the Western Desert in the Fayum 
depression, 87 kilometers to the southwest of Cairo (Fig. 1). 
|| Lake Qarun extends for about 40 km from east to west and its mean 
| breadth is about 5.7 km from north to south. The lake attains its maximum 
width (9.25 km) in the western part, west of El-Qarn Island. The water is 
| usually affected by the influx of the drained water which either increases or 
| decreases the lake area every year. However, the volume of the water in the 
|| lake is varying according to the changes in its water level which fluctuates 
every year owing to the amount of flooded water through the drainages, the 
|| amount of rainfall and the rate of evaporation. 


Batt (1929) calculated the areas and volumes of the lake at different levels, and 
established two empirical formulae related to the depth: 

(AREA) A = 166 + 24 (47-L) 

(VOLUME) V = 422 + 166 (47-L) + 12 (47-L)? 

where L = level of the lake (meters below sea level). The water level in the lake 
usually increases in winter by 60-80 cm, and dereases nearly by the same amount in 
summer. Generally, the surface of the lake lies between 43.60 and 44.50 m below mean 
sea level (MesHat, 1973). 


0077-7749/86/0172-0107 $ 3.50 
© 1986 E. Schweizerbart’sche Verlagsbuchhandlung, D-7000 Stuttgart 1 


108 M. A. Bassiouni, H. Anan, M. Bouhkary, S. Bahr 


The mean depth of the lake, defined as volume/area, is about 4 m. The 
western part of the lake is relatively deeper than the eastern part. Generally 
most of the lake area has a depth ranging between 2 and 5 meters (Fig. 2). 

The shallowest region lies at the southeastern part of the lake, where it is 
subjected to the influence of land drainage which carries a considerable 
amount of mud that settles down near the mouth of the drain. 


Mediterranean Sea 


Eastern Desert 


Western 
Desert 


Fig. 1. Location map. 
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Er-WAkEEL (1964) stated that the sediments of Lake Qarun are poor in 
‘organic content due to the presence of sulphur-reducing bacteria which 
prevents the accumulation of significant amounts of organic matter in the 
}sediments. The decomposition of the organic matter is accelerated by the 
rather high temperature prevailing in the locality during most of the year. 

Based on the characteristic features of various spectral bands, ABDEL- 
‘Hany, Ex Kassas & Ayous (1982) distinguished six levels of water depth in 
Lake Qarun from the automatic categorization of Landsat MSS digital data 
using computer-implemented techniques. 

Different species and subspecies of ostracoda are distributed in the 
bottom sediments of Lake Qarun. The ostracod taxa recorded belong to the 
marine to brackish families: Cyprididae, Paracyprididae, Pontocyprididae, 
Cytherideidae, Leptocytheridae, and Limnocytheridae. 


= 


Materials 


Eleven stations, covering most of the different parts of the lake were 
(chosen for collecting the samples. The first five stations (1-5) lie in the 
(eastern part of the lake, while the next six stations (6-11) are in the western 

part (Fig. 3). 

These stations are as the following: 

Station 1: Off El-Bats Drain 

It occupies the far eastern part or the lake in front of the El-Bats Drain. The depth 
| of water in this station ranges between 1.5 and 3 meters. The salinity of the water is 
|| comparatively low (25.8%) due to the water drainage. 

Station 2: Khor El Heitan 

It lies in the southeastern part of the lake, and its water depth is ranging between 

(2.25 and 4.0 meters. 

Station 3: Wast El-Truse 

It is situated to the north of station (2). Its water depth varies from 2 to 6 meters. 


| Station 4: El-Truse 
|| It lies in the northeastern part of the lake, to the north of station (3). Its water 


depth varies from 2 to 6 meters. 
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Fig. 2. Bathymetric chart of Lake Qarun water depths (in meters). 
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Station 5: Khor Maiuf 

It lies near the Marine Biological Station at Shakshouk. Its water depth ranges 
between 1.25 and 1.5 meters. 

Station 6: Off El-Wadi Drain 

It is situated nearly in the middle of the lake in the southern part, in front of El- 
Wadi Drain. Its salinity is low as that of station (1), due to water drainage. The depth of 
water ranges between 1.2 and 1.5 meters. 

Station 7: El-Rawashdia 

It lies in the southwestern part of the lake, and its water depth varies from 2.5 to 5 
meters. 

Station 8: Wast El-Magra 

It is situated to the north of the El-Rawashdia Station and near El-Qarn Island. It 
represents the deepest station of the lake with water depths varying from 5 to 10 
meters. 

Station 9: El-Mahatib 

It lies in the northwestern part of the lake and to the north of station (8). Its water 
depth varies from 3 to 8 meters. 

Station 10: El-Sawahe 

It lies in the extreme southwestern part of the lake, with water depths ranging from 
4 to 6 meters. z 

Station 11: Mallahet Mizare 

It is situated in the northwesternmost part of the lake, north of station (10). Its 
water depth varies from 6 to 7.5 meters. 
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Fig. 3. Map of sampling stations in Lake Qarun. 


Station 1: Off El-Bats Drain, Station 2: Khor El-Heitan, Station 3: Wast El-Truse, 
Station 4: El-Truse, Station 5: Khor Maiuf, Station 6: Off El-Wadi Drain, Station 7: El- 
Rawashdia, Station 8: Wast El-Magra, Station 9: El-Mahatib, Station 10: El-Sawahe, 
Station 11: Mallahet Mizare. 


Systematic Paleontology 


Nine ostracod species and subspecies are identified, systematically treated 
and illustrated. 

This fauna is seasonally collected from eleven stations in Lake Qarun. 
Most of the species considered in this work are well known and already 
described in the literature. Therefore, their description, here, is briefly dealt 
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/with. For each species, the already known stratigraphic and geographic distri- 
| ‘bution, its relative numbers in the studied stations during the different 
‘seasons, and information concerning the available ecologic factors affecting 
ats distribution are given. 
| The taxonomy to the generic rank is based on that of the Treatise on 
nvertebrate Paleontology (1964): part (Q), Arthropoda 3, Crustacea, 
stracoda. 

All type specimens are deposited at the Micropaleontological Section, 
[Department of Geology, Faculty of Science, Ain Shams University, Cairo, 
[Egypt. 


Phylum: Arthropoda 

Subphylum: Mandibulata CLAIRVILLE, 1798 
Class: Crustacea PENNANT, 1777 
Subclass: Ostracoda LATREILLE, 1806 
Order: Podocopida Muiter, 1894 
Suborder: Podocopina Sars, 1866 
Superfamily: Cypridacea Barrp, 1845 
Family: Cyprididae Bairp, 1845 
Subfamily: Cypridopsinae Kaurmann, 1900. 


Genus Cypridopsis BRapy, 1867 


Cypridopsis vidua (OÖ. F. Mutter, 1785) 
Fig. 4 (2 and 8) 


(1785 Cypris vidua O. F. Mutter, p. 55, pl. 4, figs. 7-9. 

11868  Cypridopsis vidua (O. F. MuLLer) - Brapy, p. 375. 

11915 Cypridopsis vidua (O. F. Mutter). - Atm, p. 77. 

1938  Cypridopsis vidua (O. F. Mutter). - Kut, p. 5. 

11955 Cypridopsis vidua (O. F. Mutier). - Kruit, p. 478, pl. 3, fig. 12. 

(1957 Cypridopsis vidua (O. F. Mutter). - WAGNER, p. 26, pl. 6. 

‚1961 Cypridopsis vidua (O. F. Mutter). - Moore & Pirrat, p. Q230, text-fig. 164 (1). 
‚1963 Cypridopsis vidua (©. F. Mutter). - Morxnoven (IIL), p. 48, text-fig. 61. 
‚1965 Cypridopsis vidua (©. F. Mutter). - NEALE, pp. 263, 269. 

‚1966 Cypridopsis vidua (©. F. Mutter). - Ascouı, p. 72, pl. 3, fig. 1. 


Material: 
July: Sil Go, S22 @4)), SR 
October: $4 (32), S7 (16), S9 (16). 
S1 means station number 
(16) means the number of specimens recorded in the station. 


Measurements: 
L= 0.60 - 0.63 mm. 
H= 0.38 - 0.41 mm. 


Remarks: This species is found sporadically and rarely in July and 
October. The dorsum is strongly arched while the venter is concave and the 
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surface is finely pitted. The geographical distribution is mainly from Europe 
to North America. 


Family Paracyprididae Sars, 1923 
Genus Paracypris Sars, 1866 


Paracypris cf. polita Sars, 1866 


Fig. 4 (9) 
cf. 1866 Paracypris polita Sars, p. 12. 
eh 1961  Paracypris polita Sars. - Moore & Pirrat, p. Q245, text-fig. 1. 
cf. 1963 Paracypris polita Sars. - MORKHOVEN (II), p. 79, text-figs. 108, 109, 110. 
Material: 
July: S8 (8). 


Measurements: 
L = 0.72 - 0.73 mm. 
H = 0.27 - 3 mm. 


Remarks: This species is very rare in the lake, and appeared only in July 
at the Wast El Magra station. The carapace is elongate, anteriorly well- 
rounded, tapering towards the less pointed posterodorsal and pointed poste- 
roventrally, the height is less than half of the length and the surface is 
smooth and polished. 

This species was recorded by Sars from Norway. 


Family Pontocyprididae G. W. Mutter, 1894 


Genus Propontocypris SYLVvESTER-BRADLEY, 1947 


Propontocypris sp. 


Fig. 4 (3) 
Material: 
July: S 5 (8). 


Measurements: 
L =20,55 2057 mm. 
H = 0.26 - 0.28 mm. 


Remarks: This species is also very rare and was found only in summer at 
the Khor Maiuf station. 


The adont hinge, together with the shallow open groove along the dorsal 
margin of the right valve is typical of the genus. 


Superfamily Cytheracea Barro, 1850 


Family Cytherideidae Sars, 1925 
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Subfamily Cytherideinae Sars, 1925 
Genus Cyprideis Jonzs, 1857 
Cyprideis torosa paraobesa Dxecima, 1964. 
Fig. 4 (10) 


11964 Cyprideis torosa paraobesa Decıma, p. 120, pl. 13, fig. 4 (10). 
Material: 
January: S8 (1). 


Measurements: 
Male L = 1.14 - 1.16 mm. 
H = 0.54 - 0.55 mm. 


{ . . . . 
Remarks: Only one male carapace was recorded which is similar to 


(Cyprideis torosa paraobesa except that it is rather longer than the Italian 
species. 


Cyprideis (Cyprideis) sohni Bassıounı, 1979 
Fig. 4 (1) 


1\1965  Cyprideis sp. - Sonn, pl. 1, figs. 18-21,? 22-23. 
| 1979  Cyprideis (Cyprideis) sohni Bassıounı, p. 87, pl. 5, figs. 1-13. 


| Material: 

January: Sil (si), S2 (AUG). S3 (4860), S4, (4195), 

S5 (13964),  S6 (218), S7 (5908), S8 (282), 

SION (9); SIO U6 36) EEE SE (ail). 

| April: Sil 2125) S2 (6748), S3 (1560), S4 (2028), 

| S5 (1940), 56) (212); S7 (664), 58 (132), 
S9 (108), S10 (128), S11 (100). 

| july: S1 (6120), SA WaT), S83 @il72), S4 (7030), 

| S5 (5188), S6 (256), S7 (2184), S8 (404), 
SD (MO) $10 (10468), S11 (6792). 

| October: S1 (30288), S2 (24384, S3 (6384), S4 (35864), 


$5 (17592), $6 (30904), $7 (11440), $8 (38400), 
S9 (31224), $10 (13632), $11 (33264). 


Measurements: 
male L = 0.910 - 1.100 mm. female L = 0.875 - 0.975 mm. 
H = 0.500 - 0.525 mm. H = 0.525 - 0.550 mm. 


Remarks: The species is characterized by the ability to survive in high 
|| salinity (in Lake Qarun up to 37.17 %). In our material only the smooth 
|| variety was found. The species was recorded by Sonn (1965) from the 
|| southern part of the Dead Sea, and by Bassıounı (1979) from the Oligocene 
land Neogene of Turkey. 
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Family Leptocytheridae Hanaı, 1957 
Genus Leptocythere Sars, 1925 
Leptocythere aff. L. micra Rome, 1942. 
Fig. 4 (4) 


aff. 1942 Leptocythere micra Rome, p. 1-31. 
1972 Leptocythere aff. L. micra Rome - UFFENORDE, p. 63, Dh 2, a 2 


Material: 
January: 


Apnil: 
July: 


October: 


$2 (16), 56 (8). 
$2 (16), S5 (8), S7 (16). 
s2 (16), S7 (16), $10 (16). 
$3 (16), 54 (80), S6 (32), S7 (16). 
$8 (48), $10 (48), $11 (80). 


Measurements: 
L = 0.28 - 0.30 mm. 
H = 0.14 - 0.15 mm. 


Remarks: Our specimens are similar to those described by UFFENORDE 


(1972). 


Fig. 4. 


1: Cyprideis (Cyprideis) sohni Bassıounı, 1979. 


a - male, right valve, external view, X 100. 
b - male, dorsal view. X 100. 
c - female, left valve, external view. X 100. 
d - female, dorsal view. X 100. 
2: Cypridopsis vidua (OÖ. F. Mutter, 1785). 
Left valve, internal view. X 100. 
3: Propontocypris sp. 
a - dorsal view of right valve. X 100. 
b - right valve, external view. X 65. 
4: Leptocythere aff. micra Rome, 1942. 
a - right valve, external view. X 100. 
b - left valve, external view. X 100. 
5. Leptocythere cf. rastrifera Ruceiert, 1953. 
a - right valve, external view. X 100. 
b - dorsal view. X 100. 
6. Leptocythere uffenordi n. sp., Holotype. 
a - right valve, external view. X 100. 
b - left valve, external view. X 100. 
7. Limnocythere inopinata (Baırv, 1843) 
left valve, external view. X 100. 
8: Cypridopsis vidua (OÖ. F. Mutter, 1785). 
Left valve, external view. X 65. 
9: Paracypris cf. polita Sars, 1866. 
a - right valve, external view. X 65. 
b - dorsal view. X 65. 
10: Cyprideis torosa paraobesa Decima, 1964. 
left valve, internal view. X 65. 
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Leptocythere cf. rastrifera RuGGIERL, 1953 
Fig. 4 (5) 
chs 1953 Leptocythere (Callistocythere) rastrifera Ruscierı, p. 100, pl. 3, fig. 25; 


pall Zh ies, HH 335 jal, S, ike 59. 
1972  Leptocythere aff. L. rastrifera RUGGIERI. - UFFENORDE, p. 65, pl. 6, figs. 8, 


ie 

Material: 

January: S2 (24), S5 (8), S6 (8). 

Apnil: $2 (40), SS) (@)s S6 (8), SOE(8)% 
Syl CLG). 

July: SY (G2), S4 (8), S516) S7 (8), 
S10 (24), Salil (82). 

October: S1 (48), S2 (48), S23. (lo), S4 (48), 
SS (G2), Si6n(G2); S7 (16), S8 (16), 
S9 (18), $11 (80). 


Measurements: 
L = 0.28 - 0.30 mm. 
H = 0.16 - 0.17 mm. 


Remarks: This species is common in most of the stations during the 
autumn months. 


Leptocythere uffenordi n. sp. 
Fig. 4 (6) 


1972 Leptocythere sp. B. - UFFENORDE, p. 66, pl. 6, fig. 7. 
Derivatio nominis: In the honour of Henning UrrenorDE who was the first to 
recognize this taxon. 


Material: 


512 carapaces and valves are recorded. They are distributed as the following: 
January: S2 (16), S6 (8). 


April: S252), $3 (8), S 7(16), $9 (8). 

July: $2 (32), $5 (24), S7 (8), $10 (24). 

October: $1 (48), $2 (32), $3 (16), S4 (16), 
$5 (32), S6 (32), 57 (16), $8 (16), 
S9 (48), $10 (16), $11 (64). 


Measurements: 
L = 0.30 - 0.32 mm. 
H = 0.15 - 0.16 mm. 


Holotype: Male carapace, figure 4 (6a and b) 

Paratypes: 511 carapaces and valves. 

Locus typicus: Lake Qarun, El-Rawashdia station, July 1979. 
Stratum typicum: Recent bottom sediments of Lake Qarun. 


Diagnosis: A species of the genus Leptocythere with the following characteristics: 


finely punctate to weakly pitted lateral surface, and weak ridge situated posteroven- 
trally. 


bble 1. Seasonal Distribution of Ostracoda in the different stations of Lake Qarun, 
wypt (Analysis given during 1979). 
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Description: 


Carapace elongate, moderately compressed laterally. 
Anterior end broadly rounded, posterior end subacute posterodorsally. 
Dorsal margin almost straight, while ventral margin slightly concave. 
Maximum height anteriorly. Ornamentation: surface finely punctate to 
weakly pitted with weak posteroventral ridge. Valves rather thin. Anterior 
vestibulum well developed, while posterior vestibulum is narrow. Hinge | 
typical of the genus. Eye spots abscent. Sexual dimorphism pronounced. 


Family Limnocytheridae Kutz, 1938. 


| 
Genus Limnocythere Bravy, 1868. 


Limnocythere inopinata (Bairp, 1843) 


Fig. 4 (7) 


inopinata (Baırn). - Brapy, p. 121. | 
inopinata (BAIRD). - Brapy & Norman, p. 170. 

inopinata (BAIRD). - ALM, p. 148, fig. 91. 

inopinata (BAIRD). — Sars, p. 151, pl. 69, fig. 2. 

inopinala (Baırd). — LUTTIG, p. 162. 


- WAGNER, p. 37, pl. 13. 


inopinata (BAIRD). - MOORE & PITRAT, p. Q 309, text-fig. 235 (2). 


inopinata (BAIRD). - Decima, p. 96, pl. 4, figs. 4-6. | 


MORKHOVEN (IL), p. 406, text-figs. 676, 677. ; 


inopinata (BAIRD). — NEALE, p. 263. 


- WAGNER, pp. 485-486. 


Limnocythere inopinata (BAIRD). - SEGGEV, p. 133, pl. H, figs. 45-47; pl. K, fig. 8. 


$4 (8). 


1843  Cythere inopinata Baro, p. 195, fig. 1-3. 
1868 Limnicythere 
1889  Limnicythere 
1915 Limnicythere 
1925 Limnicythere 
1955 Limnocythere 
1957  Limnocythere inopinata (BAIRD). 
1961 Limnocythere 
1963 Limnocythere 
1963 Limnocythere inopinata (BAIRD). - 
1965 Limnocythere 
1965  Limnocythere inopinata (BAIRD). 
1968 
Material: 
April: Sala): 
July: $2 (24), 3 (WG), 
Measurements: 
L = 0.45 - 0.48 mm. 
H = 0.28 - 0.29 mm. 


Remarks: Limnocythere is found only in the eastern ($2, $3, S4) and 
western (S11) parts of the lake, 1. e., it seems that this species inhabits the 
nearshone parts of the lake. 

This species was recorded in Lake Tiberias, by SeccEv (1968). 

Its geographical distribution is: Europe, Asia, and North-America. 

A seasonal distribution of ostracoda in the different stations of Lake 
Qarun (analysis given during 1979) is given in table (1). 
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Contribution to the stratigraphy of the Upper Creta- 
ceous and the Lower Tertiary of the Sulaimaniah- 
Dokan region, northeastern Iraq 
By 
M. Rashad Abdel-Kireem, Alexandria 


With 5 figures and 2 tables in the text 


AspeL-Kıreem, M. R. (1986): Contribution to the stratigraphy of the Upper Creta- 
ceous and Lower Tertiary of the Sulaimaniah-Dokan region, northeastern Iraq. - N. Jb. 
Geol. Paläont., Abh., 172: 121-139; Stuttgart. 


Abstract: The Upper Cretaceous-Lower Tertiary succession exposed in the Sulaima- 
niah-Dokan region is represented by the Shiranish, Tanjero, Kolosh, and Sinjar 
Limestone Formations. A majority of the Campanian to Lower Eocene planktonic 
foraminiferal zones are recognized. The Cretaceous-Tertiary boundary is marked by a 
small unconformity comprising the basal Danian. 


Key words: Campanian, Maastrichtian, Paleocene, Eocene, lithostratigraphy, 
Formation: Shiranish, Tanjero, Kolosh and Sinjar limestone; Northwestern Iraq. 
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| Zusammenfassung: Die Obere Kreide und das Untertertiär der Gegend von Sulai- 
ı maniah und Dokan im nordöstlichen Irag bestehen aus den Shiranish, Tanjero, Kolosh 
‚ und Sinjar Limestone Formationen. Die meisten Zonen planktonischer Foraminiferen 
| der Intervals Campan bis Untereozän können ausgeschieden werden. Eine kleine 
_ Ablagerungsliicke an der Kreide/Tertiär-Grenze umfaßt das basale Danien. 


Introduction 


| The Upper Cretaceous-Lower Tertiary (Campanian-Lower Eocene) sediments of 
northern Iraq are well represented by three distinct types of facies, corresponding to 
open marine, reefal and clastic environments. These facies are represented by the 

following rock units (VAN BELLEN et al., 1959; Kassag, 1974; AL-OMARI & SADER, 1974; 
| Asper-Kıreem, 1983; etc.): 


A: Upper Cretaceous 

. Shiranish Formation. 
. Tanjero Formation. 

. Bekhme Formation. 
Agra Formation. 

. Pilsener Formation. 

. Jibab Formation. 

. Digma Formation. 
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Van Been et al., (1959, p. 270) considered that the open marine facies of the 
Shiranish Formation is of Campanian-Maastrichtian age, and passes diachronously 
into the Tanjero Clastics Formation (see discussion later on). They considered that the 
open marine facies of the Shiranish Formation tongues laterally into the contempora- 
neously reef and fore-reef limestone complexes, the Bekhme Formation at the base and 
the Aqra Formation at the top (Fig. 4). While, they and Kassas (1974) considered that 
the Shiranish Formation in the northwestern part of Iraq and to the West of the Tigris 
River is equivalent to the neritic, littoral limestone facies of the Pilsener Formation, 
and to the Jibab (marl) Formation at the base and to the Digma (marl) Formation at 
the top. 


: Lower Tertiary 

. Kolosh Formation. 

. Sinjar Limestone Formation. 
. Khurmala Formation. 

. Aaliji Formation. 


$wn mo Ww 


Van BELLEN et al. (1959) and Kassag (1974 and 1976) considered that the marine, 
clastic Kolosh Formation is intergrading into and interfingering with the reefal 
limestone facies of the Sinjar Formation and the lagoonal limestone facies of the 
Khurmala Formation, whereas, it passes westwards into the off-shore marls and marly 
limestone facies of the Aaliji Formation (Fig. 4). 

The Upper Cretaceous rock units represent the Campanian-Maastrichtian Cycle 
(AspeL-KirgeM, 1983), while, the Lower Tertiary rock units represent the Paleocene- 
Lower Eocene Cycle (Ditmar et al. 1971). 


The Sulaimaniah-Dokan region (Fig. 1) lies between lat. 35°30’-36°N and 
long. 44°55’-45°30° E. 

The Upper Cretaceous-Lower Tertiary succession of the studied region is 
represented by four rock units, these are as follows from top to base: 


1. Sinjar Limestone 

2. Kolosh Formation 
3. Tanjero Formation 
4. Shiranish Formation 


Paleocene-Lower Eocene 


Campanian-Maastrichtian 


The succession at seven localities (Fig. 1) has been examined and 
sampled, four in the Sulaimaniah District and the other three sites in the 
Dokan area. 

The geology, stratigraphy and Foraminifera of the Upper Cretaceous- 
Lower Tertiary succession of the Sulaimaniah-Dokan region have received 
very little attention. Only four papers have been published previously, three 
of which concentrate on the Foraminifera, biostratigraphy and paleoecology 
of the Shiranish Formation (Ar-Shisanı, 1973; ABawı, ABDEL-KIREEM & 
Youser, 1982; and AspeL-KırkEM, 1983), while, Fapuur et al. (1979) studied 
the structural geometry of the area under investigation. 

The present work describes the Upper Cretaceous-Lower Tertiary rock 
units exposed in the Sulaimaniah-Dokan region and the stratigraphic 
relationships between the different formations are discussed too. The deposi- 
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tional environments of each formation are discussed on the basis of the 
foraminiferal faunas and the lithological characteristics. 

Simplified geological maps (Fig. 2 and 3) of the different formations 
exposed in the Sulaimaniah-Dokan region are given. The relationship of the 
different Upper Cretaceous-Lower Tertiary rock units of the studied area are 
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Fig. 2. Simplified geological map of the Dokan area, NE Iraq, showing the areal distri- 
bution of the Upper Cretaceous-Lower Tertiary rock units. 


125 


Contribution to the stratigraphy of the Upper Cretaceous 


NVINOUNLSYd =“ W oquejeg SOO] Sexe JEUIDIUY —+— speos URW — 
IN3903 WIN “wy ys idseg EZ] 


NVINOUNL wy uerwoy[ |] 
anne ee EES) ‘wy siey samor [VV] 
‘Ww4 ysiuelus III f 5 
NVINVIWYVI S EI 13039031 wy 4efuis Fa) ANZIONd/IOIN< "WI sues Jaddn EI 
INVILHIIBLS3VN ‘w4 osefue 
J Osa! 1 (0 3N3003'W ‘w4 $ndse9 =] RENT (oer) 


OWN 3.973571 


puexieo 
=a ues 


f the Sulaimaniah district, NE Iraq, compiled after the IPC Geolo- 
h-Dokan- and Kirkuk Roads. 


3. Geological map o 
f the Sulaimania 


a 


ig. 


gical Maps o 
0 N. Jb. Geol. u. Paläont. Abh. Bd. 172 


126 M. Rashad Abdel-Kireem 


correlated with the other similar formations on the other parts of Iraq 
(Fig. 4). 


The stratigraphy of the area and the suggested preliminary planktonic — 


foraminiferal zones of the Upper Cretaceous-Lower Tertiary succession are 
given in Fig. 5. 


Stratigraphy 


The following description of the different formations exposed in the 
Sulaimaniah-Dokan region, northeastern Iraq is mainly based on data and 
informations gathered by the author during several field trips and on the 
microfacies and foraminiferal analysis of the collected samples from seven 
localities (Fig. 1). 


The Campanian-Maastrichtian Cycle 


Van BELLEN et al., (1959), Dirmar et al., (1971), Kassag (1974 & 1975) and 
others defined the Upper Cretaceous Cycle as the upper Campanian- 
Maastrichtian Sedimentary Cycle based on the ages attributed to the Tanjero 


and Shiranish Formations at their type localities and the other similar rock ~ 


units (Fig. 4) of northern Iraq. While, ABAw1, ABDEL-KIREEM & YOUSEF (1982) 
and AppeL-KirEEM (1983) redefined this cycle to include the whole 
Campanian on the basis of the foraminiferal content of the Shiranish 
Formation of the area under study. 

The Campanian-Maastrichtian Cycle is of very great importance in the 
geological evolution of the Iraq territory. The cycle begins with a widespread 
transgression almost covering the whole country, which occurred after the 


termination of the tectonic disturbance caused by the Middle Cretaceous © 
orogeneses. The cycle is terminated by another uplift and regression caused 


by the paroxysmal phases of the Laramide orogeny around the Cretaceous- 
Tertiary boundary (Bupay, 1973). The cycle is therefore well bordered by two 
diastrophic events of regional importance. 

The sediments of the Campanian-Maastrichtian Cycle were relatively well 
studied (mainly unpublished reports of the Petroleum Companies) due to 
their importance for the oil industry in both northern and southern Iraq. 


Numerous formation names were introduced resulting a very confused strati- - 


graphic setting; these names are: Agra, Bekhme, Digma, Hadiena, Hartha, 
Jibab, Pilsener, Qurna, Shiranish, Tanjero and Tayarat Formations. AL-OMARI 
& SADER (1974) discussed the relationships between these Upper Senonian 
formations. 

In the area under investigations the Campanian-Maastrichtian Cycle is 
represented by the Shiranish and Tanjero Formations. 
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Shiranish Formation 
(Campanian - basal middle Maastrichtian) 


The Shiranish Formation was first described by Henson (1940, 
unpublished report: in VAN BELLEN et al., 1959) from the highly folded zone 
of the northern Iraq of the Zagros mountain belt, near the village of 
Shiranish Islam. 

AspeL-KirEEM (1983) studied in detail the lithostratigraphy and paleo- 


ecology of the Shiranish Formation exposed in the area under investigation. || 


He subdivided the formation into two distinct lithological members (section 
no. 1 & 2) as follows from top to base: 


Unit Lithology and faunal contents Thickness (m) 
Upper Shiranish Pale bluish grey shale, partly 
Shale Member carbonaceous in its basal part and 


sandy in its upper part, fossiliferous 
with common planktonic and 


benthonic Foraminifera 108 
Lower Shiranish Blackish to dark grey marly limestone 
Marl Member in the basal part and soft marl 
in the upper part, with abundant 
planktonic Foraminifera 122 
Total 230 


Stratigraphic Position: The Shiranish Formation in the Sulaimaniah- 
Dokan region overlies the Turonian Kometan Formation, which consists of © 
hard, massive, highly jointed siliceous limestone and dolostone. Although 
there is no angular discordance between the Shiranish and Kometan Forma- 
tions, there is a marked paleontological break recorded by the present author 
(in MS). The Shiranish Formation is in turn overlain by the Tanjero 
Formation, which mainly consists of greenish siltstone interbedded with 
frequent, hard siliceous sandstone layers at its base. The Shiranish/Tanjero 
boundary is problematic everywhere. Van BELLEN et al. (1959) stated that the 
Shiranish Formation is the topmost rock-unit of the Cretaceous and is 
contemporaneously deposited with the Tanjero sediments. In the area under 
investigation, the Shiranish and Tanjero Formations are in stratigraphic 
order; the Tanjero Formation overlies conformably the Shiranish Formation 
and the contact is very distinct. The boundary is taken at the lowest occur- 
rence of the hard, siliceous sandstone layer (10-100 cm) which is marked by 
a change of weathering colour from the bluish grey of the Shiranish 
Formation below to the olive green of the Tanjero Formation above. 

Planktonic Foraminiferal Zones and Age: Apawı et al., (1982) 
studied the planktonic foraminiferal biostratigraphy of the Shiranish 
Formation of the Sulaimaniah-Dokan region and assigned a Campanian age 
to the Lower Member and lower to basal middle Maastrichtian age to the 
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pper Member. They subdivided the Shiranish Formation into two plank- 
onic foraminiferal zones and five subzones as follows from top to base: 


. Globotruncana aegyptiaca-lapparenti-stuarti Zone 
e - Globotruncana gansseri (part.) Subzone 
d -G. subeircumnodifer Subzone 
L. Globotruncana fornicata-arca-stuartiformis Zone 
c - Globotruncana calcarata Subzone 
b -G. elevata Subzone 
a - Archaeoglobigerina blowi Subzone 


Kassa (1973, 1974) suggested a Maastrichtian age of the Shiranish 
ormation exposed in northern Iraq. 

Areal Distribution, Facies and Thickness Changes: The 
hiranish Formation is widely spread in the Sulaimaniah-Dokan region, 
forming the flanks of the Pira Magrun, Surdash and Azmar Dagh anticlines. 
The formation is almost trending in a northwest-southeast direction (Fig. 2, 
N, Lithologically the formation is almost of the same composition 
hroughout the whole area of its distribution. The contact between the 
Kometan Formation and the overlying Shiranish Formation is gradational in 

laces, especially in the outcrops along the little Zab River. Hard limestones 
become progressively predominant. 

' The thickness of the Shiranish Formation is almost constant, in the 
Dokan area it is about 230 m thick. The average thickness varies between 
180-230 m. 

| Depositional Environment: ABDEL-KIREEM (1983) studied in detail 
he paleoecology and paleobathymetric variations of the Shiranish 
Formation of the area under study, and suggested that the Lower Shiranish 
Marl Member was deposited under the slope water depths under anoxic 
bottom conditions, with continuous and gradual deepening of the basin 
bottom throughout the Campanian. While, the Upper Shiranish Shale 
Member was deposited under shelf water depths accompanied by two phases 
of sea bottom oscillation towards slope water depths. 


a 


a) 


Tanjero Formation 
(middle - upper Maastrichtian) 


The formation was described by DunnincTon (1952, unpublished report; 
in VAN Beııen et al., 1959) from the Sirwan Valley, southeast of Sulaimaniah, 
near Halabja, northeastern Iraq. In the type description, the formation has 
been divided into two divisions, the lower division (484 m) consists of 
Globigerinals marl and more rarely limestones with silt. The silt content is 
diminishing downwards (Van BELLEN et al., 1959, p. 282). The upper division 
(1532 m) consists of silty marls, siltstones, conglomerates and sandy or silty 
organic detrital limestones. 


130 M. Rashad Abdel-Kireem 


It is evident that the two divisions are very different tectono-facies. VAN 
Brien et al. (1959) considered that the first clastic influx as the lower 
boundary of the formation, but admit that clastic-free intervals, lithologically 
similar to the Shiranish Formation, may occur above that level. In many 
sections studied in the investigated area, fine clastic admixtures occur in beds 
of the Upper Shiranish Shale Member. The lower part of the Tanjero 
Formation at its type locality is thus essentially an open sea marly-limestone 
unit with occasional influx of silty terrigenous clastics. The upper unit of 
the formation is a typical orogenic flysch. Therefore, in the author’s opinion 
joining these two different units into one single formation is not correct. 
Based on the above discussion, in addition to lithological and stratigraphic 
descriptions of the Shiranish Formation of the Sulaimaniah-Dokan region, it 
is suggested to include the lower division of the Tanjero Formation at its 
type locality into the Shiranish Formation, and the upper division of the 
formation could be considered as the typical Tanjero Formation. This 
proposal is in agreement with the_age determination of the type Tanjero 
Formation and with that of the same formation in the Sulaimaniah-Dokan 
region (Table 1). 

To avoid controversy and vagueness in the separation of the Shiranish 
Formation from the Tanjero Formation at their type localities, the present 
author recommends new stratotypes for these two formations in the Dokan 
area (Fig. 2), where the two formations are very distinct lithologically, in 


Table 1. Relationships between the proposed new stratotype of the Shiranish and Tanjero 
Formations and the Tanjerc type locality. 


Sulaimaniah-Dokan Type Locality of Tanjero 
. Region Formation 
Locality 
Present study Van BELLEN Present 
et al. (1959) study 
Upper | Upper Unit 
Tanj F : 
qi ype Middle Unit | & Upper Taner 
a Formation v 
g: NEaar Lower Unit E Unit Eounaion 
2 lis 
> Upper ° 
Lower Shiranish Shale = Lower 
Shiranish Member = 
= Formation Unit Shiranish 
= 
a PRE Lower Shiranish __| Formation 
5 Lower Shiranish Marl 
Member Formation 
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their weathering colour and where the Shiranish Formation underlies clearly 
the Tanjero Formation. 

In Sulaimaniah-Dokan region, the Tanjero Formation can be subdivided 
lithologically into three distinct units. This subdivision is mainly based on 
Field observations, as well as megascopic and microfacies studies of the 
collected samples. 

These three units are described briefly as follows (section no. 3): 


Lithology and faunal content Thickness (m) 


Upper Unit: Sandy detrital limestone, with organic remains, 
with silty shale and graded sandstone, very 


fossiliferous at top with gastropod shells 124 
Middle Unit: Chalky marl, with abundant planktonic 
Foraminifera 209 


Lower Unit: Green, hard marl and siltstone interbedded with 
brown, very hard, fine grained siliceous sandstone 
layers (10 cm-100 cm thick), very common at the 
base and less frequent at the top, fossiliferous 


with common Foraminifera and coral remains. 460 
Total 793 


Stratigraphic Position: The Tanjero Formation in the area under study 
overlies conformably the Shiranish Formation. The formation is characte- 
‘rized by a progressive increase of the amount and grain size of the terri- 
| genous material as compared to underlying Shiranish Formation. The basal 
part of the Tanjero Formation is characterized by the presence of hard, 
brown siliceous sandstone layers. These layers are ranging in thickness from 
"10 cm to 100 cm and scattered throughout the lower unit of the formation. 
"In the Shiranish Formation, similar sandstone layers do not exist. The 
sandstone layers are very conspicuous and characterize the Tanjero 
Formation of the Sulaimaniah-Dokan region, in which the thick beds are 


| used as building stone. These sandstone layers can be used as a good marker 
| for the separation of the Tanjero from the Shiranish Formation. The lower 


"limit of the Tanjero Formation is placed at the first appearance of the 


| siliceous sandstone layer after the bluish grey shales or sandy shales of the 
‚ Shiranish Formation. 


The overlying formation is the Kolosh Formation (Paleocene) which 
consists of bituminous silts and shales. The Tanjero/Kolosh contact is very 
clear and distinct in the area under investigation. The topmost part of the 
\ Tanjero Formation which consists of sandy limestone with abundant 
"gastropod shells is directly overlain by glauconitic, partly bituminous 
siltstone with small glauconitic pebbles which constitute the base of the 


| Kolosh Formation. 
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Planktonic Foraminiferal Zones and Age: The planktonic Forami- 
nifera recovered from the Tanjero Formation of the investigated area 
indicate a middle-late Maastrichtian age. The microfaunas will be dealt with 
in a later publication). The preliminary studies of the planktonic Forami- | 
nifera of the Tanjero Formation show the following subzones from top to 
base: 

.3. Abathomphalus mayaroensis Subzone. 

2. Globotruncana contusa Subzone. 

1. Globotruncana gansseri Subzone. 

Kassag (1975) studied the Foraminifera of the type Tanjero Formation, 
following Van Been et al., (1959, p. 282), and considered it as Campanian- 
Maastrichtian in age. 

Areal Distribution, Facies and Thickness Changes: The Tanjero 
Formation is well represented and widely distributed throughout the Sulai- 
maniah-Dokan region. The main exposures of the formation are however, 
the flanks of the Pirra Magrun and Surdash anticlines and the foothills. The 
outcrops are usually trending NW-SE (Fig. 2-3). The lithology of the 
formation is variable in detail, but essentially almost the same at the 
different sites studied in the area under investigation, and the three units are 
easily mappable. 

The thickness of the formation is strongly variable depending on the 
degree of subsidence of the basin and on the degree of post-Cretaceous 
denudation. The maximum thickness in the studied area is reported from the 
Dokan area (792 m), along the Little Zab River (Fig. 1, section no. 3 and Fig. 
2). The average thickness varies between 400 and 800 m. 

Depositional Environment: The major bulk of the Tanjero 
Formation represents flysch sediments of a deep mobile, rapidly sinking 
geosynclinal trough trending almost northwest-southeast. This trough 
extends northwestwards into eastern Turkey and southeastwards, more or less 
parallel to the Zagros belt into south-eastern Iran (DUNNINGTON & WETZEL; in 
Van BELLEN et al., 1959; and Bupay, 1973). The middle, chalky marl unit 
recorded herein for the first time is composed of open marine sediments 
influenced by slight terrigenous influx. This middle unit is very fossiliferous 


Table 2. Microfacies and lithofacies associations of the different rock units of the Tanjero 
Formation of the Sulaimaniah-Dokan region. 


Tanjero Rock units Microfacies and Lithofacies Associations 


6. Sandy fossiliferous micrite 
Upper Unit 5. Foraminiferal Calcisiltite Limestone 
4. Skeletal Calcerinitic Limestone 


Middle Unit 3. Foraminiferal Argillaceous Biomicrite 


2. Fossiliferous Calcisiltite 
. Calcilutite 


Lower Unit 


Fe 
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| ith abundant globotruncanids and the planktonic-benthonic percentage 
jratio (AppEL-KireEm, MS) indicates that it may have been deposited in slope 
ater-depths. 

The present microfacies studies of the Tanjero Formation of the Sulaima- 
iah-Dokan region revealed six lithofacies and microfacies associations 


KTable 2). 


The Paleocene - Lower Eocene Cycle 


The Tertiary formations are the most widespread on the surface and in 
the subsurface sections throughout almost all the structural units of Iraq. 

Ditmar et al., (1971) subdivided the Tertiary Group into two sedimentary 
‘cycles, the Paleocene-Lower Eocene Cycle and the Middle Eocene- 
Quaternary Cycle. 
|| The Paleocene-Lower Eocene Cycle is marked by the formation and full 
«development of the geosynclinal area on the territory of Iraq. The cycle starts 
with a widespread transgression most probably throughout the whole area of 
}| Iraq. The Maastrichtian-Paleocene unconformity has been recently proved by 
Kassag (1974 and 1976) as a major stratigraphic gap, where the topmost part 
of the Maastrichtian and the whole Danian are missing. In contrast the 
present work proves that the volume of the unconformity is very small and 
} that only basal Danian Globigerina eugubina Zone (Fig. 5) is missing in the 
|'area under investigation. 
The Paleocene-Lower Eocene sediments in northern Iraq represent three 
| types of facies; clastics, reefal and open marine environments. The corre- 
| ‚sponding lithology units are the Aaliji, Sinjar, Khurmala and Kolosh Forma- 
tions (Fig. 4). 
| In the Sulaimaniah-Dokan region, the Paleocene-Lower Eocene 
| Sedimentary Cycle is represented by the Kolosh and the Sinjar Limestone 


N 


Kolosh Formation 
| (Paleocene) 

| The Kolosh Formation was first described by Dunnicton (1952; in Van 
| Betten et al., 1959) from the Kolosh Village, North of Koi Sanjak in the 
| strongly folded zone (Fig. 1). The formation consists at its type locality of 
|| blue shales and green sandstones (410 m). At its top it interfingers with 
| Sinjar Limestone Formation. Van BELLEN et al., (1959) described the section 


las follows from top to base: 


5. Limestone and marls with Miscellanea miscella (p’ARcHIAC & Haim), ostracods and 
miliolids (144 m). 
4. Limestone with Dictyokathina simplex Smovut, Lockhartia sp. (30 m). 
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PLANKTONIC FORAMINIFERAL ZONATION 
AG E [ROCK UNIT 
ZO Naas SUBZONES 
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Fig. 5. Planktonic foraminiferal zones of the Upper Cretaceous-Lower Tertiary rock units 
exposed in the Sulaimaniah-Dokan region, NE Iraq. 


3. Limestones, shales, red shales and sandstones with M. miscella and Lockhartia Sp. 
(113.5 m). 
Limestone with Saudia labyrinthica Henson, Lockhartia sp. and miliolids (6 m). 
1. Blue shales and green sandstones with Anomalinoides granosa (HANTKEN), Bulimina 


quadrata PLUMMER, Globigerina bulloides p’orBiGNy and Globorotalia angulata 
(White), (410 m). 


From the detailed studies of the Kolosh Formation exposed in the Sulai- 
maniah-Dokan region, the units 2-5 of the type locality should be placed 
into the Sinjar Limestone Formation and not into the Kolosh Formation as 


Contribution to the stratigraphy of the Upper Cretaceous 135 


}iescribed by Van Beııen et al., (1959), while only unit 1 represents typical 
Kolosh Formation. 

In the Sulaimaniah-Dokan region, the Kolosh Formation could be subdi- 
pided into two distinct lithological units (sections no. 4 and 5, Fig. 1) as 
¢ollows from top to base: 


Lithology Thickness (m) 


Jpper Unit Mainly composed of pale brown to yellow 
marls and blackish grey calcareous shales, glauconitic 
in some parts and with marly limestones 
at the top. 35 

ower Unit Mainly composed of siltstones and shales, partly 

limonitic and very bituminous and glauconitic 

at the base. 160 


Total 195 


Stratigraphic Position: The Kolosh Formation in the Sulaimaniah- 
okan region overlies unconformably the Tanjero Formation (upper 
aastrichtian). The lower contact is very distinct, marked by lithological and 
paleontological changes. The topmost part of the underlying Tanjero 
{Formation consists of sandy limestone that can be easily distinguished from 
ithe overlying glauconitic, bituminous siltstones with small glauconitic 
Ipebbles, forming the base of the Kolosh Formation. 

The upper boundary is gradational, the Kolosh Formation grades upwards 
into the overlying Sinjar Limestone Formation, by a progressive decrease in 
‘the amount of the clastic admixtures. It grades from marl to marly limestone 
to hard limestones. The contact is traced at the first appearance of hard 
limestone beds. 

1 Planktonic Foraminiferal Zones and Age: The samples collected 
\'from the different rock units of the Kolosh Formation of the area under 
linvestigation are rich in planktonic Foraminifera of Lower to basal Upper 
(Paleocene age. Their preliminary analysis showed that the formation can be 
subdivided into the following zones: 


tt) 


| 4. Globorotalia angulata Zone 
| b - G. pseudomenardii Subzone 
| a - G. pusilla pusilla Subzone 
| 3. G. uncinata Zone 

2. G. trinidadensis Zone 

1. G. pseudobulloides Zone 


A detailed study of the planktonic foraminifera of the samples collected 
from this formation will be published in the near future. 
Kassag (1974 and 1976) considered the Kolosh Formation at its type 
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locality and in the northern Iraq in general as of Middle - Late Paleocene 
age. 

Areal Distribution, Facies and Thickness Changes: The Kolosh 
Formation is well developed and distributed throughout the Sulaimaniah- 
Dokan region. The exposed rocks of the formation varies rapidly both 
horizontally and vertically and are usually covered either by soil or by 
vegetation. No signs of intertonguing or interfingering with the overlying 
Sinjar Limestone Formation were observed in the studied area. 

Van BELLEN et al., (1959) considered that the clastic facies of the Kolosh 
Formation changes laterally in northern Iraq to the West into the lagoonal 
limestone of the Khurmala Formation, the reefal facies of the Sinjar 
Limestone Formation, and to the off-shore, argillaceous marl of the Aaliji 
Formation (Fig. 4). | 

In the area under study, the Sinjar Limestone Formation is not of the — 
same age as the Kolosh Formation, because the two formations are clearly in 
stratigraphic succession. ; 

Based on the above discussion, and the fact that the Khurmala Formation 
is mostly underlain by the Kolosh Formation in the area of its occurrence 
(Ditmar et al., 1971), the present author suggests that the Khurmala and 
Sinjar Formations are somewhat younger than the Kolosh Formation. 

Future investigations should determine the precise age of the Aaliji and 
Khurmala Formations. 

The thickness of the Kolosh Formation in the investigated area is slightly 
variable and ranges between 150 and 200 m. 


Depositional Environment: The formation was deposited in a 
relatively rapidly sinking trough and is essentially composed by near shore 
littoral to inner neritic sediments. Ditmar et al., (1971) considered the 
sediments of the Kolosh Formation as of flysch type, while SEILACHER (1963) 
considered it to be of non-flysch character, but of molasse type. 

Based on the faunal content and the sediment characteristics, the major 
part of the lower unit of the Kolosh Formation in the Sulaimaniah-Dokan 
region, were probably deposited under outer to mid shelf water-depths with 
continuous and gradual shallowing of the basin bottom. The foraminiferal 
assemblage of the top part of the lower unit is dominated by Florilus 
elongatum, Protelphidium sp., Elphidium hiltermanni, associated with common 
micro-gastropod shells. The assemblage indicates very shallow, marginally 
marine environments that may be brackish. 

The assemblages of the upper unit of the formation are dominated by 
Anomalinoides howelli, Alabamina wilcoxensis, Gyroidina spp., Cibicidoides 
spp. and rare specimens of small primitive Orbitolites sp. The planktonic/ 
benthonic percentage ratio is relatively high and the proportion and size of 
the planktonic Foraminifera small to medium, these features suggest a 
deepening of the water to < 100 meters (mid to inner shelf). 
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Sinjar Limestone Formation 


The Sinjar Limestone Formation was first described by KEELER (1941; In 
AN BELLEN et al., 1959) from Gebel Sinjar, near the village of Mamissa, 
orthwestern Iraq (Fig. 1). The formation consists at its type locality of 
‚Jreefal, lagoonal and shoal limestone (176 m). 

In the Sulaimaniah-Dokan region, the Sinjar Limestone Formation 
{sections no. 6 and 7, Fig. 1) is mainly composed of two distinct facies, a 
miliolid-Orbitolites lagoonal facies and an alveolinid-reefal facies (ABDEL- 
fKiREEM, in MS). Lithologically, the formation is composed of hard limestone, 
‘}sometimes recrystallized or dolomitized and yellowish in colour. 

The contact with the underlying Kolosh Formation is conformable in the 
‚studied area. The Kolosh sediments grade upward into the Sinjar Limestone 
formation. The upper boundary of the Sinjar Formation is unconformable, 
the overlying sediments are related to the Gercus Formation. 

The age of the formation is Paleocene-Lower Eocene, according to VAN 
WIBELLEN et al., (1959), while Ditmar et al., (1971) considered it as Lower 
Eocene. 
| The thickness of the Sinjar Limestone Formation in the Sulaimaniah- 
WDokan region is variable, ranging between 40-160 m. 

i} On the basis of facies distribution and age correlation of the Sinjar 
jiLimestone Formation in northern Iraq, VAN BELLEN et al., (1959) followed by 
WiKassas (1974 and 1976) considered that many submarine highs were 
kemerged in the northern part of Iraq, and the Sinjar reefs and shoal 
sediments formed around these highs. They stated that the reefs were not 
k continuous and did not completely separate the Kolosh inshore basin from 
I'the offshore Aaliji basin. This statement cannot be fully accepted, because, as 
clearly seen in the studied area, the bulk of the Sinjar Limestone Formation 
Itwas deposited after the deposition of the bulk of the Kolosh Formation. In 
\ithe present author’s opinion, the Sinjar Limestone Formation should be 
considered as a facies deposited after the rapid subsidence of the Kolosh 
|| trough ceased and the sedimentation of the limestone and marl facies began. 
The Sinjar Limestone Formation together with the Khurmala Formation 
Ibelong to the near shore and reef facies of the Upper Paleocene-Lower 
1) Eocene, whereas, the Aaliji Formation represents the offshore basinal facies 


IN (Fig. 4). 


Conclusions 


|| 1. The Upper Cretaceous-Lower Tertiary succession in the Sulaimaniah- 
|| Dokan region, northeastern Iraq is subdivided into the following formations: 
Id - Sinjar Limestone Formation | 
||c - Kolosh Formation 


|b a Tanjero Formation | Campanian-Maastrichtian 
"la - Shiranish Formation 


Lower Paleocene-Lower Eocene 
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2. The Shiranish Formation (Campanian-earliest middle Maastrichtian) is 
clearly distinct from the overlying Tanjero Formation (middle-late 
Maastrichtian); the Dokan area is suggested as a new stratotype for these two 
formations. 

3. The Campanian-Maastrichtian boundary is accurately defined on the 
basis of the extinction of Globotruncana calcarata. 

. 4. The Tanjero Formation in the investigated area is subdivided into three 
distinct rock units. The middle unit (chalky marl) is recorded for the first 
time within the formation. 

5. The general faunal parameters, together with the lithofacies analyses 
of the different rock units of the Tanjero Formation, suggest that the 
sediments of the lower unit were deposited in an oscillating sea, in middle- _ 
outer shelf water-depths with continuous and gradual deepening of the basin 
bottom. While, the middle unit was deposited in slope water depths and the 
upper unit was deposited under shallow water of inner and middle shelf 
depths. 

6. The Tanjero Formation is subdivided into three planktonic foramini- 
feral subzones. 

7. The Upper Cretaceous-Lower Tertiary contact of the investigated area 
is unconformable, showing a minor break in sedimentation. The basal 
Danian is missing. It is marked by an abrupt change in planktonic foramini- 
feral composition and in the lithology and by the presence of glauconitic- 
limonitic pebbles. 

8. The Kolosh Formation (Lower-basal Upper Paleocene) is subdivided 
lithologically into two units, a lower silty and bituminous unit and an upper 
one with calcareous shales, marls and marly limestones. 

9. The Danian strata and its planktonic foraminiferal zones were 
recognized for the first time in the stratigraphy of northern Iraq. 

10. The Kolosh Formation is a near-shore deposit of shelf water-depths, 
showing abrupt faunal changes indicating depth oscillations during 
deposition of the top part of the lower unit to a marginal marine brackish 
environment. 

11. The Sinjar Limestone Formation conformably overlies the Kolosh 
Formation and is represented by two facies, the lagoonal miliolid-Orbitolites 
and the reefal alveolinid facies. 


Acknowledgements 


The author wishes to express his gratitudes to the Geology Department of the Sulai- 
maniah University for field facilities. Special thanks are due to Dr. T. S. Arawı, Mosul 
University, Iraq, for his great help in the field work, sampling and comprehensive 
discussions. Sincere thanks to Prof. M. M. Ismam, Head of the Geology Department, 
Alexandria University, Egypt for critically reviewing the manuscript. 


Contribution to the stratigraphy of the Upper Cretaceous 189: 


Literature 


\Bawi, T. S., ABpeL-Kıreem, M. R. & Youser, J. M. (1982): Planktonic foraminiferal 
stratigraphy of Shiranish Formation, Sulaimaniah region, northeastern Iraq. - Rev. 
Espanola Micropal., 14: 153-164. 

‚lBDEL-KireeM, M. R. (1983): A study of the palaeocology and bathymetry of the 

foraminiferai assemblages of the Shiranish Formation (Upper Cretaceous), 

northeastern Iraq. - Palaeogeogr., Palaeoclimatol., Palaeocol., 43: 169-180. 

‚Mlı-Omarı, F. S. & Sapzk, A. (1974): New contributions to the Upper Senonian strati- 

graphy in northern Iraq. - Geol. Rundschau, 63 (3): 1217-1231. 

KL-SHAIBANI, S. K. (1973): Microfossils from Shiranish Formation in northeastern Iraq, 

Asmar region. - J. Geol. Soc. Iraq, 6: 49-65. 

leLLen Van, R. C., Dunnicton, H. V., Werzet, R. & Morton, D. M. (1959): Lexique 

stratigraphique International, Asie, Iraq. - Internat. Geol. Congr., Comm. Strat., 3 

(10a): 1-337. 

Wi upay, R. T. (1973): The regional Geology of Iraq. - Unpublished NIMCO Report, 

SOM. Library, Baghdad. 

‘pra, V., et al., (1971): Geological conditions and hydrocarbon prospects of the 
Republic of Iraq, northern and central parts. - Techoexport report. INOC Library, 
Baghdad. 

ADHLI, A. I., Rao, J. Y., Oweıss, G. A. & Knarır, M. (1979): Polyphase deformation in a 

part of Zagros, Sulaimaniyah district, northeastern Iraq. - J. Indian Acad. Geosci., 

22213]: 

‘}Rassas, I. I. M. (1973): Planktonic foraminifera of the Shiranish Formation type 

| locality (N. Iraq). - J. Geol. Soc. Iraq, 6: 100-109. 

}}}— (1974): Biostratigraphy of Upper Cretaceous-Lower Tertiary of North Iraq. - VI 

Collog. African de Micropal. Tunis: 227-325. 

(1975): Planktonic foraminiferal ranges in the type Tanjero Formation (Upper 
Campanian-Maastrichtian) of N. Iraq. - J. Geol. Soc. Iraq, 8: 73-86. 

- (1976): Planktonic foraminiferal ranges in the type Kolosh Formation (Middle- 
Upper Paleocene) of NE Iraq. - J. Geol. Soc. Iraq, 9: 54-99. 

ÜSEILACHER, A. (1963): Kaledonischer Unterbau der Irakiden. - N. Jb. Geol. Paläont. Abt. 

i A., Monatshefte, no. 10, Stuttgart: 527-541. 


Bei der Tiibinger Schriftleitung eingegangen am 20. November 1984. 


Anschrift des Verfassers: 


Dr. M. R. Asper-Kırerm, Department of Geology, Faculty of Science, 
University of Alexandria, Alexandria, Agypten. 


If your article is not in English, please note that English translations are 
desirable 
a) of the title (for inclusion in the Table of Contents) 

b) of the illustration legends and captions 

c) in longer papers also of “conclusions” at the end of the article. 


Symbols for the special typeface: 
= boldface (for titles) 


spaced letters (to emphasize words in the text or for subtitles) 
.uununo small capitals (for authors’ names) 


italics (only for genus and species names, 
not for higher categories) 


3 paragraphs which are less important should be marked by the author 
for small print (wavy line at left margin of text). 

Submission of a manuscript to one of the editors for publication in the “Neues 
Jahrbuch für Geologie und Paläontologie” is considered binding assurance from 
the author that this work has not been and will not be published elsewhere in 
this form and length. 
With acceptance and publication of a manuscript the exclusive copyright for 
every language and country is transferred to the publishers. The copyright 
covers the exclusive rights to reproduce and distribute the article including 
reprints, microfilm or any other reproductions and translations. 

3. Illustrations: For photographs, submit high-gloss, white (not yellow-tone) 
prints. If possible, a scale should be drawn on each picture of En 
along with the subject. Otherwise the scale should be listed in the caption. For 
drawings, the original is required for good reproduction, not a photocopy. In 
pee all illustrations are included in the text, and do not appear on separate 
plates. 

Drawings must be executed neatly in black India ink. Half-tone drawings (e. g. 
hachures with colored or lead pencils) are to be replaced with markings in 
black ink. 

Both photographs and drawings are to be labelled as “Figures” and numbered 
consecutively. 

In the case of figure inscriptions and the drawings themselves, please bear in 
mind the possibility of reduction (reduced letter size no less than 1 mm). If the 
inscription cannot be clearly and neatly placed, letter it in pencil; the pub- 
lishers will then letter it in ink. We request that the author indicate on 
the reverse side of the figures what he considers the appropriate degree of 
reduction (in fractions). In general we request that illustrations (including the 
inscriptions) and large format tables be adapted to the format of the type area. 

4. Figure captions are to be submitted together on (a) separate sheet(s). 

5. Literature references: When abbreviating journal titles, we request that the 
authors use the German standards for journal abbrevations, DIN 1502. For 
example: 

FLügeL, Erm & Hörzı, Heinz (1966): Hydrozoen aus dem Ober-Jura der 
Hesperischen Ketten (Ost-Spanien). — N. Jb. Geol. Paläont. Abh., 124: 103— 
117; Stuttgart. 

or: 

|| Gwinner, MANFRED P. (1971): Geologie der Alpen. Stratigraphie, Paläogeo- 

| graphie, Tektonik. — VIII + 477 S., 394 Abb.; Stuttgart (E. Schweizerbart’sche 
Verlagsbuchhandlung). 

All publications referred to in the text must be included in the list of references. 

6. Proofreading: After acceptance of their papers, authors (the first-named 
author for multi-author papers) will receive (a) two sets of galley proofs and (b) 
two sets of page proofs prior to final printing. In order to speed publication, 
we request that one set each of corrected gally proofs and, later, of the page 
proofs be returned immediately to the publishers. In cases where the author 
is unable to make the corrections, he should appoint a representative responsible 
for this. If the page proofs are not returned in time, the paper will be 
published exactly as it appears in the uncorrected page proofs. 


7. Reprints: The authors will receive 80 reprints free of charge; additional reprints 
can be ordered at cost price. 

© 1986 by E. Schweizerbart’sche Verlagsbuchhandlung (Nägele u. Obermiller), 

Johannesstr. 3A, D-7000 Stuttgart 1. 


in USA: According to the code at the bottom of the first page of an ar- 2 
hee ae ee ass. 02114, USA. a 


3. neubearbeitete Auflage / 
von Prof Dr. Dr. h. c. WALTHER E. PETRASCHECK, Leoben und Wien 
und Prof. Dr. WALrer Pout, Leoben 


1982. VIII, 341 Seiten, 212 Abbildungen und 10 Tabellen. 


Aus dem Vorwort: Seit dem Erscheinen. der zweiten Auflage hat der Stoff der 
Lagerstättenlehre wesentliche Änderungen und Erweiterungen erfahren, besonders 4 
auf den Gebieten der Erze, der Industriemineralien und des Erdöls. Trotzdem 
sollte der Umfang dieses bewährten Buches keineswegs vergrößert werden. Das 
Buch soll das bleiben, als was es in der ersten Auflage bestimmt war: eine Ein- 
führung in das allgemeine Verständnis und in das Wissen von den mineralishen 
Bodenschätzen, vorwiegend aus geologischer Sicht und mit Ausblicken auf die 
Anwendung seitens des Bergmannes und des praktischen Begutachters. 
In dem Abschnitt über die allgemeine Erzlagerstättenbildung wurden die zuneh- 
mend vertretenen Auffassungen vom synsedimentären Absatz der Erze und von der 1 
Herkunft der Metalle aus dem Nebengestein dargestellt, ohne aber die älteren und 
meist nicht widerlegten Hypothesen von einer epigenetischen und magmatogenen 
Erzbildung beiseite zu lassen; soll doch ein Lehrbuch die Wege zur kritischen 
Beurteilung mehrerer Varianten offenhalten. Die neue umfassende iss ft- 
liche Theorie von der Plattentektonik wird in ihren Beziigen auf die Lagerstätten- 
ie gebracht. Die Verwendung von Sondermetallen und von Industriemineralin _ 
t Neuerungen | 
geführt haben. Die Erdélgeologie hat besonders durch die oft überraschenden. 


hstoff Typen beschrieben, 4 
dem Leser den Anhalt für Vergleiche geben sollen. Doch soll eine Liste von Büchern . 
über Lagerstättenkunde die Information über den Rahmen dieses Lehr- E: 

Biss  buches s erweitern. Im übrigen mußten wir uns bei den Literaturzitaten aus 
ae Platzgründen Beschränkungen auferlegen und haben fast nur Bücher und ganz 
vereinzelt zusammenfassende Abhandlungen gebracht, eben auch nur als Einführung 


ERBART'SCHE VERLAGSBUCHHANDLUNG __ 
LER) JOHANNESSTR. 3A, STUTIGARTI 


Sea 


